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SUMMARY
The attachment of selected freshwater bacteria, Aai-nmnnaK. 
Chminnhacterlum. a coryneform and Staphylococcus In pure culture and in 
mixed suspensions with one other bacterium to glass surfaces was 
investigated in the laboratory.
Changes in the nutrient conditions of the growth medium during 
growth and attachment and the temperature, pH and electrolyte type and 
concentration present in the attachment solution during attachment 
experiments all influenced bacterial attachment. The pure culture 
attachment results obtained depended on the bacterial species being 
investigated. When bacterial species were attached in the presence of 
one other species the growth conditions still had a profound affect on 
attachment. The results obtained depended on the bacterial species 
present in the mixed suspension, with some bacterial species having a 
more profound affect on the attachment of other species than others.
The bacterial species used to study bacterial attachment in the 
laboratory were used along with Aclnetobacter and PBPiirinmnnaR to 
investigate bacterial attachment in vivo using a model system. The 
attachment of these bacteria were investigated in two- to six-membered 
suspensions. The blofllms obtained in the model system consisted of 
smaller bacterial cells in a more densely packed blofilm. These blofilms 
could still be influenced by growth conditions as temperature was seen 
to influence the bacterial blofllm obtained. During these attachment 
experiments the Acinetobacter which did not attach itself had a profound 
affect on the attachment of other bacterial species when present in the 
liquid phase.
The mechanism by which Acinetobacter inhibited the attachment of 
other bacteria was investigated and it appeared Acinetobacter did not 
excreate a chemical to influence the attachment of other species, but 
the Acinetobacter cells themselves had to be present in the liquid phase 
to influence the attachment of other species.
The effects of different molecular weight fractions of Tocll Lake 
water were investigated for their affect on bacterial attachment. The 
fraction containing the > 30,000 MV component was found to influence 
bacterial attachment. The results obtained, depended on the bacterial 
species being investigated.
CHAPTER ONE
INTRODUCTION
1.1 BIOFILN IMPORTANCE
Bacterial attachment Is an Important and widespread phenomenon and 
research has shown that only a few surfaces In the natural environment 
cannot be colonised by bacteria. These are rare and are always surfaces 
of plants or animals, e.g. Sieburth (1975), showed that the body of a 
hydra was free of attached bacteria but the stalk was colonised by 
numerous bacteria. The apical tips of the brown algae Ascophyllum 
nodosum have also been shown to be free of attached bacteria whereas old 
growth was colonised by bacteria (Cundell, 1977). Variations in 
bacterial attachment to these living surfaces were thought to be due to 
modifications of the living tissue being used as a surface as it ages.
Bacterial blofllms present on a surface can have detrimental 
consequences for humans. Sphaerotllus natans has been found growing on 
surfaces In water delivery systems such as the surfaces of Industrial 
heat exchanges (McCoy et al. 1982). These biofilms have been shown to 
cause energy loss due to heat transfer, accelerated corrosion and 
clogging In the heat exchange systems (Pedersen, 1982). During oil 
recovery in the petroleum industry, water is sometimes Injected into 
reservoirs to enhance oil recovery. The bacteria present In this water 
have been known to cause plugging of pipelines used In this process 
(Cerini et al■ 1946; Clementz et al. 1982). This is due to fluid 
frictional resistances, a result of which Is that the cross sectional 
area available for flow Is reduced due to the attached bacteria and the 
surface roughness and drag forces of the surface are Increased 
(Plcologlou et al. 1980). Attachment is also important when
1
Investigating how plant pathogens cause disease In their fruit hosts. 
These diseases result In the fruits being unsuitable for human 
consumption and this will be Important when considering agricultural 
economics (Jones, 1990).
There are numerous examples of bacterial diseases resulting from the 
adherence of microorganisms to the surfaces of cells, disorders such as 
cholera, gonorrhoea and endocarditis, all need specific attachment of 
the pathogen to the host tissues (Lankford, I960; Ward et al. 1972;
Gould et al. 1975). One of the most common examples of bacterial 
attachment In humans is the interactions of oral steptococcl and the 
surfaces of teeth. These bacteria Initiate dental diseases (carles) by 
the demineralisation of the teeth due to acid production In a localised 
area (Hsieh et al■ 1985; Doyle et al. 1982; Kolenbrander, 1990). Other 
medical problems can arise due to bacterial adherence to prosthetic 
devices such as cardiac valves, pacemakers, catheters and Joint 
prostheses. The colonisation of these devices by bacteria, such as 
Staphylococcus species, will usually lead to an Infection (Costerton, 
1978; Jacques et al■ 1987).
The attachment phenonemon can also be a problem during 
microbiological experiments. A good example of this Is the attachment of 
an adhesive mutant to the surface of the vessel In an artlflcal culture 
system like a chemostat which then becomes the dominant bacterial 
population by ousting the parental organism from the system. Further 
bacteria originating in this culture will be derived mainly from wall 
growth by sloughing or propagation into the medium (Larsen et al. 1964).
Bacterial blofllms, however, can also be advantageous to humans. 
Examples of bacterial blofllms that have been used to man's advantage
2
include those in trickling filters which are used to treat wastewater, 
leading to the removal of enteric bacteria and viruses and also to the 
decomposition of organic matter, allowing the discharge of relatively 
clean sewage effluent into the river system (Mack etal, 1975). Vater 
from water treatment plants must also be monitored. Stewart (1990) has 
shown that bacteria attached to activated carbon are very resistant to 
disinfection and these bacteria could cause problems if they were to get 
into effluent from the water treatment plant. Attached bacteria can be 
exploited for their metabolic capabilities, a good example is the 
exploitation of bacterial methanogenic activity for methane production 
(Harvey et al. 1984). Bacterial enzymes can also be more efficient in 
industrial applications if the bacterium is attached. An example of this 
is in the production of chemical feedstocks through the enzymatic 
hydrolysis of plant biomass and other waste materials (Duff et al.
1985).
As the field of bacterial blofilm development is so large this 
Introduction will look mainly at blofllm development on solid surfaces 
in freshwater and marine environments. Research has shown that microbial 
colonisation of a solid surface in a marine or a freshwater environment 
follows a distinct succession. This suggests that as the blofilm 
develops there is a change in the abundance and the species composition 
of the bacteria present in the biofllm.
Coplotrophic bacteria which cannot grow in low nutrient conditions 
but can react quickly to high nutrient levels, (Poindexter, 1981), are 
the first group of bacteria found in a developing blofllm (Marshall el 
al. 1971b; Corpe, 1973). Good examples of these primary colonisers are 
PRgiidnTTirm«H species and Plavobacterlum species. These bacteria are found
3
surrounded by a polymeric matrix in a biofilm, and this polymeric 
material can represent in some cases a large component of the blofllm 
(Corpe, 1973; Dempsey, 19B1). Bacterial colonisation will continue with 
the appearance of oligotrophic bacteria which can grow in low nutrient 
environments, examples of these types of bacteria are, Hvphnmlcrnhi m  
species and Caulobacter species (Corps, 1973). Photosynthetic algae and 
diatoms as well as larval forms of macro-organisms embedded in the 
polymeric matrix have been reported at this early stage (Crisp et al. 
1960).
As the succession continues, the biomass, numbers and diversity of 
the attached microorganisms Increase (Jordan et al. 1976). The quantity 
of polymeric matrix also increases during biofilm development, (Bryers 
et al. 1981), therefore the composition of the blofllm becomes more 
complex with time. In the latter stages of biofllm development and of 
the succession, microalgae followed by fungi, diatoms and protozoa are 
seen to appear (Jordan at al. 1976; Karszalek et al. 1979). Therefore in 
these later stages of blofilm development, there are primary producers 
present as well as the heterotrophlc consumers and this could allow for 
the possible interaction between the different blofllm components.
These studies demonstrate how a developing blofllm can become a 
complex community in aquatic environments. This thesis is concerned with 
investigating one component of this blofllm, the attachment of bacteria 
to solid surfaces in freshwater aquatic environments. As bacteria are 
the initial colonisers of solid surfaces when Introduced into aquatic 
environments, then these studies are concerned with the initial stages 
of blofllm development. Before the bacterial attachment process is
4
1.2 WHY BACTERIA ATTACH TO SURFACES
Research has demonstrated that attached bacteria can be more 
competitive in aquatic environments than free-living bacteria (Fletcher, 
1979). However attachment may not always be benefical to a bacterium, as 
seen when bacteria attached to suspended particles in some aquatic 
environments are lost from the aquatic environment as these particles 
settle out of the liquid phase of the aquatic environment (Lovell,
1985). To aid in the understanding of why bacteria attach, a comparison 
of attached and free-living bacteria was made.
1.2.1 Comparison Between Attached and Free-Living Bacteria
In the open ocean, free-living bacteria predominate (Ferguson, 1976; 
Vibe et al. 1972), whilst in fresh and estuarine waters the numbers of
attached bacteria have been shown to vary greatly (Bell et al. 1982; 
Geesey, 1979). The contribution made by attached bacteria and free- 
living bacteria to the total microbial process in the aquatic ecosystems 
is therefore difficult to evaluate due to the variations in the numbers 
of attached and free-living bacteria present in the system. Attached 
bacteria in estuarine environments can be seen to be active for longer 
periods of time compared to free-living bacteria. These attached 
bacteria also remain in estuarine environments longer than free-living 
bacteria. This could be due to the attached bacteria being trapped 
within the turbidity zone of the estuary, where suspended particles are 
concentrated due to a complex series of events within the estuary, while 
free-living bacteria can be dispersed by natural forces within the 
estuary. This could result in the free-living bacteria being flushed
discussed In detail, the reasons why bacteria attach to solid surfaces
in aquatic environments will be considered.
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from the estuarine environment (Clarke, 1980). Therefore free-living 
bacteria which play a role in the biological activity of the estuary 
would be lost from the estuarine environment as they are washed into the 
sea.. The fate of the bacteria lost from the estuary would depend on how 
good these bacteria were at adapting to their new environment. It is 
possible that these free-living bacteria would be more competitive in 
the new environment than attached bacteria. This could also occur when 
large numbers of bacteria are attached to particles. These particles 
could settle out and so another fraction of the aquatic bacterial 
population could be lost to the sediment. This will be of most 
significance in water systems with high particle content or if large 
amounts of particles are introduced into an aquatic system (Lovell,
1985).
Bacteria which are attached in aquatic environments are said to be 
more active than free-living bacteria (Fletcher, 1979; Harvey, 1980). 
Jeffrey (1986) demonstrated that the activity of attached bacteria is 
greater than that of free-living bacteria in ollgotrophlc environments, 
while glucose and glutamate Incorporation by attached bacteria was 
greater than that observed for free-living bacteria in different coastal 
environments (Klrchman, 1982). Glucose assimilation by attached cells 
and the respiration of this glucose was also found to be greater for 
attached cells than free-living cells (Fletcher, 1986). These 
experiments also indicated that glucose assimilation by detached cells 
was greater than the assimilation by attached cells. This could be due 
to the cells having a bigger surface area for glucose assimilation when 
they are detached. Attached cells were activated or changed by the 
attachment process which enabled glucose to be assimilated more
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actively. It Is possible that the glucose transport system was modified 
by the attachment process (Fletcher, 1986* Iriberri, 1990). However, 
these differences between attached and detached cells have not been 
reported by other researchers (Bright, 1983), so their relevance is 
questionable.
Attached cells are thought to be less sensitive to change in 
nutrient conditions. If nutrients suddenly become plentiful in an 
aquatic system attached bacteria are seen to be less active than free- 
living bacteria. This could be due to the attached cells having less 
surface area for nutrient uptake than free-living bacteria (Jeffrey, 
1986). Attached cells tend not to decrease in size like free-living 
bacteria responding to nutrient starvation. If marine bacteria are 
starved, they decrease their size, so that the surface area to volume 
ratio increases enormously (up to 50% higher than for comparable non- 
starved cells). Attached cells do not do this, because nutrient 
accumulation at surfaces tends not to lead to starvation conditions. 
Therefore, on detachment these cells have a larger surface area but a 
lower surface area-to-volume ratio. It is this ratio that is most 
important in determining uptake rates by bacteria. This greater activity 
by unattached bacteria has also been reported by Hattori et al (1960 + 
1961). Higher succinate oxidation rates were observed for unattached 
Escherichia coll and Azotobacter agile compared to the values obtained 
for the attached species. The presence of inert particles in a liquid 
medium has been shown to increase bacterial activity (Jannasch, 1977) or 
decrease bacterial activity (Gordon, 1983). Therefore, the influence of 
surfaces on bacterial activity is unclear. It is likely that external 
factors will influence the response of a bacterium as much as the
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presence of a surface, with the net result that attachment can be 
beneficial or detrimental to the bacterium.
Bell (1982) demonstrated that salinity, heterotrophlc uptake and 
particle load were the main factors Influencing differences between 
attached bacteria and free-living bacteria In different aquatic 
environments. Substrate and substrate concentration can also account for 
differences in the activity between attached bacteria and free-living 
bacteria (Bright, 1983; Melnhard, 1985). Seasonal variations within 
water bodies and the resulting environmental changes will influence the 
activity of attached and free-living bacteria (Xelnhard, 1985). These 
results suggest that at different times of the year and In the presence 
of different substrates It Is possible to get different parts of the 
bacterial community becoming active. Therefore the nutritional and 
environmental conditions present In a water body could select for the 
active bacterial population, and could possibly select for the bacterial 
populations attaching to solid surfaces introduced Into this aquatic 
environment. This thesis will look Into this proposal In greater detail 
and Investigate If changing the nutritional and environmental conditions 
during bacterial attachment will influence the bacterial species 
attaching to solid surfaces In aquatic environments.
There are many reports of the shape and size of a bacterium varying 
when It becomes attached compared with Its shape and size in the liquid 
phase (Fletcher, 1982; Neinhard, 1985). Bacteria have been shown to be 
larger in size when attached compared to free-living cells, which could 
account for any increase In activity. However, bacterial cells can also 
be smaller In size when attached compared to the liquid phase and this 
is thought to be related to the starvation response. Once the nutrients
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1.2.2 Survival and Attachment
The adhesion of bacteria to surfaces has often been described as a 
survival tactic. Dawson (1981) has shown that the number of cells of a 
Vibrio species attaching to a surface, Increased with exposure to 
starvation. The presence of Inert beads in a medium with a low nutrient 
concentration allowed attached bacteria to grow whereas bacteria In the 
liquid phase could not grow (Jannasch, 1972). Even the absence of a 
specific substrate can Influence adhesion, a carbon-limited medium can 
Increase attachment (Brown, 1977). Therefore bacterial attachment may be 
involved in overcoming starvation especially when a specific nutrient is 
involved. Stevenson (1978) said that attachment was an important 
"fitness trait" for aquatic bacteria. The ability of bacteria to attach 
to a surface could provide them with a new microenvironment which could 
be higher In nutrients than the surrounding environment, enabling them 
to survive starvation conditions. The ability of a bacterium to scavenge 
the nutrients associated with a surface is related to its ability to 
attach to the surface, which In turn will be influenced by other 
nutritional and environmental factors (Kjelleberg, 1983). As indicated 
in many bacterial attachment experiments, external factors will 
influence the attachment, and the same factors will affect the 
starvation process of bacteria.
The actual starvation process Is Important when studying attachment. 
Two stages can be observed in the starvation response In aquatic 
environments. The Initial process is dwarfing which is marked by a 
decrease in cell volume which is the result of reductive division
present on a solid surface have been utilized by the attached bacteria
starvation conditions would then be present. (Kjelleberg, 1983).
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(Novitsky, 1977) or utilisation of cellular products (Koch, 1971). This 
initial process is followed by a more stabilised starvation stage which 
is seen during long-term exposure to low nutrient conditions 
(KJelleberg, 1983j Beverley, 1983). These dwarf cells both on the 
surface and in liquid media are capable of surviving long periods of 
time without nutrients (Novitsky, 1977). During starvation, the 
nutrients present on a surface will be used up very quickly. Therefore 
the surfaces will become nutrient limited. Studies have shown that the 
mucopeptide in the cell diminishes and the outer membrane of the 
bacterium changes during attachment under starvation conditions 
(Beverley, 1983). These changes in the outer components of the cell 
could be due to the attached bacteria utilising some of their own 
surface components. Perhaps attached bacteria can so this more 
efficiently than free-living bacteria, and therefore can survive 
starvation conditions better than free-living bacteria (Malmcroma- 
Friberg, 1986). Alternatively the bacteria could change their outer cell 
components to aid in the hunt for nutrients. Vrangstadh (1988) has 
demonstrated that a Pseudomonas species attached to a solid surface 
produced a polymer on the onset of starvation, which resulted in the 
PKeiidnrannas detaching from the solid surface. This polymer was thought 
to be part of a mechanism by which a bacterium could be detached from a 
surface and then go onto scavenge other sites on the surface for 
nutrients.
One of the main cell surface characteristics which can influence 
attachment and survival is the hydrophobicity of the cell surface. 
KJelleberg (1983) has shown that the binding of dwarf cells was affected 
by hydrophobicity. Hydrophilic bacteria become smaller at a surface when
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nutrients were limited compared to hydrophobic bacteria (Humphrey,
1983). Hydrophobic bacteria can still utilise nutrients at a surface. 
This could be due to changes in the cell surface during starvation which 
could then enable the hydrophobic bacteria to utilise the surface bound 
nutrients (Kefford, 1982). The importance of cell hydrophobicity on 
attachment will be discussed in detail later in this chapter.
These studies demonstrate that it is not always benefical for 
bacteria to attach to solid surfaces in aquatic environments. However, 
it is clear that attachment has a role to play when considering 
bacterial populations in aquatic environments.
1.3 ATTACHJtHIT PROCESS
There are three components of the aquatic attachment process which 
should be considered, the solid surface, the attached bacteria and the 
liquid environment. This thesis in part investigates how changing 
environmental and nutritional conditions in the liquid environment 
Influence the attachment of bacteria to a surface. To aid in the 
understanding of the results obtained from these investigations it is 
important to have a good knowledge of the solid surface and bacteria 
involved in these attachment studies.
1.3.1 The Solid Surface
The characteristics of the solid surface Involved in attachment 
experiments are important as they will Influence the attachment process. 
The characteristics of a solid surface to be considered Include the 
physico-chemical or physical characteristics of the solid surface.
1.3.1.(A) Physico-chemical Characteristics
A physicochemical characteristic of a solid surface which could 
Influence bacterial attachment is the surface free energy of the solid
surface. Surface free energy is important as it includes all surface 
forces which could interact with forces in the other components of the 
attachment process e.g. the liquid environment or the bacteria. Vhen 
considering this thermodynamic approach to the attachment process, free 
energy is the 'available' energy within a system. Vhen considering a 
surface, free energy is a result of the molecules, groups or atoms 
which are unable to Interact with other such molecules, groups or atoms 
which approach the surface (Fletcher, 1982). The significance of surface 
free energy in bacterial attachment can only been seen when the free 
energy within the system is considered;
^ p a d h  =  ^ b «  _ y l m  _  y b l
Vhere hF*“1M is the change in free energy of adhesion and where yto", y1“ 
and ybl are the bacterium/solid, llquld/solld and bacterlum/liquid 
interfacial energies respectively (Neumann, 1979; Fletcher, 1982). The 
interfacial energies in each case are determined by the surface free 
energies of the two phases. Generally, the larger the difference in 
surface energies between two phases, the larger the interfacial 
energies. Vhen considering the system as a whole adhesion is favoured by 
a reduction in free energy e.g. a negative value for nF*"3^ . Gerson 
(1980) demonstrated that this thermodynamic model for bacterial 
attachment did work as the attachment of Serratia murraeceiis and two 
Staphylococcus species Increased when the nFBC"3 value was negative 
compared to when the value was positive.
In the laboratory the aF“dH value is hard to obtain, however,
Neumann (1979) calculated nF*c""' as a function of the surface tension of 
the surface (y.^>. Therefore free energy (y„> of a surface could be 
approximated in the laboratory by determining the critical surface
12
tension. This can be done by using the equatlon-of-state approach 
outlined by Eeumann <1974). Problems, experimental and theoretical, 
arise when evaluating the surface tensions of liquids, solids and the 
bacterial surface. Theoretically liquid should not interact with the 
solid surface, however, the molecules of the liquid and the bacterial 
cell can interact e.g. hydrogen bonding. Other problems can arise when 
measuring the surface tension of bacterial cells in the laboratory as 
decribed by Pethica (1980). These problems include cellular components 
being transferred to the liquid which alters the liquid surface tension. 
Vhen the attachment process is considered as a whole other factors will 
affect attachment such as entropy (the degree of disorder within the 
system) and free energy changes in the bacterial surface must be 
considered (Fletcher, 1982). Therefore the use of surface tension to 
obtain the AF“'”’ can be questionable.
Vhen two surfaces come together during the attachment process, the 
interaction between the free energy of the surfaces is not the only 
factor to be considered. When two surfaces come into contact, the 
interactive groups on the two surfaces must be complementary. Therefore 
a surface with few of polar groups would be unlikely to be attached to 
by a bacterial surface with little polar groups. Thermodynamic models 
applied to cellular adhesion also assume that electrical charges in the 
system can be ignored. Research has shown that changing the ionic 
strengh of a medium can change the levels of bacterial attachment 
(Glngell, 1978). These results indicated that electrostatic interactions 
could be involved in the attachment process.
Electrostatic attraction or repulsion can occur when the charged 
groups of the bacterial surface and those of the solid surface come into
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contact. Vhen the groups on each surface bear opposite charge, binding 
of the surfaces can occur. However, if similar charges are present then 
repulsion can occur. In Chapter 5, the primary and secondary minima are 
described when a bacterial surface and a solid surface come into 
contact. As bacteria and solid surfaces usually bear a net negative 
charge, the long range forces between them will tend to be repulsive. 
Adsorption can still occur with two like surfaces when the long range 
repulsion forces are balanced by van der Vaal's attraction forces. Two 
distances of separation between the surfaces become apparant at which 
there is a net attraction, the primary and secondary minima (Chapter 5 
and FIGURE 5.2). These two areas of attraction are separated by an area 
where repulsive forces will be hard for the bacteria to overcome.
The primary and secondary minima are thought to be important in 
bacterial attachment to a solid surface and will be discussed in greater 
detail in Chapter 5. However, in relation to the interactions being 
discussed here, It is thought that at the secondary minimum, bacteria 
are held a distance from the surface and that long range forces may be 
the interactions involved in interacting with the solid surface. When 
the primary minimum is considered however, short range forces are 
thought to be more important in interactions between the bacterial 
surface and the solid surface (Marshall, 1971; Absolom, 1983; Fletcher, 
1985). These short range interactions include;
(a) van der Vaals dispersion interactions, weak interactions caused 
by fluctuations in the spatial concentration and distribution 
of electrons in molecules or atoms.
(b) electrostatic interactions between charged groups.
- (c> polar interactions between groups with permanent or induced
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dipoles.
(d) chemical bonding e.g. Ionic, covalent and hydrogen bonding.
(e> hydrophobic bonding.
When considering bacterial attachment to a solid surface, the bacterium 
must overcome the repulsion barrier and allow short range forces to play 
a part In the attachment process. This might not be possible with some 
bacteria, however, some bacterial species will have external appendages 
which will enable them to overcome these repulsion barriers and make 
contact with the solid surface. These appendages Include pill and 
flagella which will be discussed In this chapter.
Of the short range forces investigated In the laboratory, 
hydrophobic bonding has been shown to be Important In bacterial 
attachment to a solid surface. Hydrophobic bonding In aqueous solutions 
Involves the Interaction of non-polar groups of opposing surfaces. This 
1s thought to occur due to the exculslon of non-polar groups from water 
due to the strong attraction between molecules of water rather than the 
attraction forces between the non-polar groups themselves (Tanford,
1979). Research has shown that marine and freshwater bacteria prefer to 
attach to hydrophobic (low energy) surfaces than hydrophilic (high 
energy) surfaces (Fletcher, 1979; Pringle, 1983). These results suggest 
that hydrophobic bonding could be Involved In bacterial attachment to 
solid surfaces.
Fletcher (1983) demonstrated that a range of bacteria from 
freshwater attached least to the most hydrophobic and hydrophilic 
surfaces. These results question the Importance of hydrophobic bonding 
In bacterial attachment to solid surfaces. As the bacterial surface can 
enter Into numerous interactions with the solid surface as Indicated In
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this chapter, it is unlikely that only hydrophobic interactions will be 
involved in bacterial attachment. In these experiments (Fletcher, 1983), 
the attachment of bacteria to different solid surfaces varied with the 
bacterial species being investigated. When considering the bacterial 
attachment process as a whole it is not surprising that these 
interactions will be Influenced by differences in bacterial surface 
characteristics. Other solid surface factors will also Influence the 
attachment of bacteria. These Include changes in the solid surface due 
to physical changes such as surface roughness or due to surface 
conditioning when introduced to the liquid environment.
1.3.1.<B> Physical Characteristics
Physico-chemical characteristics have been shown to Influence the 
attachment of bacteria to solid surfaces. Therefore different surfaces 
with different physico-chemical characteristics will have varying 
numbers of attached bacteria. The attachment of bacteria to solid 
surfaces will also be Influenced by physical factors such as surface 
roughness (Velse, 1978), which is discussed in Chapter 3. Another factor 
which must be considered when solid surfaces are Immersed in liquid 
environment 16 the spontaneous adsorption of molecules at the solid 
surface Interface which results in the formation of a surface 
conditioning film (Baler, 1981). This conditioning film could provide an 
area where nutrients are concentrated at the surface and are accessible 
to bacteria (Characklis, 1983). These nutrient could be used up very 
quickly by bacteria so this form of conditioning film could be only of 
6hort term importance with regard to the attachment process. These 
molecules could be made less accessible to bacteria if they have the 
opposite charge to the surface. This will result in these nutrients
being held at the surface by strong Interaction forces. Faison (1990) 
has demonstrated surface energy to be Important In determining the 
amount and the availability to bacteria of a protein at a surface. These 
nutrients may not be utilised by bacteria If they do not fit in with the 
nutritional characteristics of the bacteria concerned (Fletcher, 1984). 
Therefore these molecules could remain on the solid surface and 
Influence the attachment of bacteria to these surfaces by other means 
such as changing the solid surface characteristics In some way.
When macromolecules are present in the conditioning film, they are 
usually irreversibly bound to the solid surface. These macromolecules 
will be less accessible to bacteria to be used as nutrients as bacterial 
enzymes will be required to break these macromolecules down before they 
could be utilised by bacteria. These macromolecules Include proteins, 
glycoproteins, proteoglycans and polysaccharides. These molecules are 
often found in low concentrations in natural environments (Fletcher, 
1982). Therefore the macromolecules present In these conditioning films 
could originate from other sources such as bacterial or other organisms 
excretory products or from the breakdown of dead cells. These 
macromolecules when present In the conditioning films have been shown to 
change the physico-chemical characteristics of a solid surface (Baler, 
1981), therefore they will influence the attachment of bacteria to solid 
surfaces.
Horde (1978) suggested that the formation of a conditioning film 
will depend on the molecules and solid surfaces being investigated. 
Therefore the affinity of a given protein for a negatively charged 
surface will be influenced by protein characteristics such as;
(a) Hydrophoblcity of the protein.
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Cb) Structural rearrangements of the protein.
Cc) The number of positively charged groups located at the surface. 
The affinity of the solid surface for the protein will also be 
important. This affinity would Increase with;
(a) Increasing hydrophobicity of the surface.
(b> Lowering of the surface charge.
<c> Screening of the solid surface charge by specifically adsorbed 
cations.
The result of a conditioning film forming at a surface is that the 
surface will assume the net charge and characteristics of the outermost 
portion of the protein. These changes in the characteristics of the 
solid surface will lead to an increase or decrease in bacterial 
attachment to the solid surface.
Research has shown conditioning films do not always promote 
bacterial attachment to solid surfaces (Marshall, 1985). Fletcher (1984) 
demonstrated that various proteins inhibited the attachment of bacteria 
to solid surfaces when present on the solid surface. There is, however, 
alot of evidence to suggest that conditioning films aid or encourage 
bacteria to attach to solid surface. Bacteria have been shown to utilize 
compounds adsorbed onto solid surfaces (Kefford, 1982; Gordon, 1985) and 
the presence of these compounds on a solid surface could lead to an 
Increase in attached bacteria on the surface. It has also been suggested 
that conditioning films may attract bacteria to surface, due to a 
bacterial chemotactlc response (Harris, 1973). In these cases bacteria 
are not using the conditioning film compounds as nutrients, but the 
chemical compound themselves are enhancing bacterial attachment by some 
unknown mechanism.
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1.3.2 The Bacterium and Attachment
The latter discussion has demonstrated that the solid surface Itself 
can Influence the attachment of bacteria to that solid surface. Research 
has also shown that different bacterial species under the same 
nutritional and environmental conditions vary in their ability to attach 
to the same solid surface (KcEldowney, 1986). These results suggest that 
these bacterial species attach differently to the solid surface due to 
differences in the bacteria themselves.
Bacterial parameters which can influence bacterial attachment to 
solid surfaces are discussed throughout this thesis, however, when a 
bacterium comes into close proximity to a solid surface the bacterial 
surface would be expected to be important in the attachment process.
1.3.2.<A) The Bacterial Surface
The surface characteristics of a bacterial surface could be 
important in determining whether or not a particular bacterium attaches 
to a solid surface (Section 1.3.1.(A>>. The surface components of the 
bacterial surface itself will determine these characteristics. The outer 
most layer of the outer membrane of a Gram-negative bacterium is the 
lipopolysaccharide layer (FIGURE 1.1). The outer most part of this is 
the oligosaccharide-containing variable region, which one could 
speculate would be the most important portion for attachment. Attached 
to the outer oligosaccharide core is an 'O' antigen polysaccharide side 
chain, and a glucosamine-containing lipid (Schlegel, 1986). Costerton 
(1974), has shown that parts of this complex are exculslvely located on 
the outer most portion of the bacterial membrane and are therefore 
probably involved in attachment. Gram-negative bacteria, even in the 
same species, can produce varying amounts of lipopolysaccharide and
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lipopolysocchoride
FIGURE 1.1
A model of the Gram-negative cell envelope or outer 
membrane (ON) .
The cytoplasmic membrane (CM) is surrounded by the murein 
layer (M). The periplasmic space is the area separating 
the CM and M. Lipoproteins are embedded in a lipid layer 
which contains phospholipids and the lipid A zone of 
lipopolysaccharides.
A detailed structure of the lipopolysaccharide is shown 
on the right.
Glc - glucose 
Glc-N - glucosamine,
Glc-NAc - N-acetyl glucosamine,
Gal - galactose.
Hep - heptose,
KDO - 2-keto-3-deoxyoctanoic acid.
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therefore their potential to attach to a solid surface could also vary 
(Shands, 1966).
The outer most layers of Gram-positive bacteria are different from 
those of the Gram-negative bacteria. In Gram-negative bacteria, the 
mureln Is present as a single layer and represents less than 10% of the 
cell wall dry weight. In Gram-positive bacteria, murein represents 30- 
70% of the cell dry weight and consists of about 40 layers. In Gram- 
positive bacteria, the tetrapeptlde side chains of the muramic acid are 
connected by lnterpeptlde chains and the amino acids present In these 
chains vary with the bacteria species being investigated. These 
different amino acids could transfer different surface characteristics 
to the different bacterial species. Teicholc acid Is also present In 
Gram-positive outer layers, this is not found in Gram-negative outer 
layers. Teichoic acids consist of 8-50 glycerol or ribitol molecules 
connected by phosphate ester bridges. Teichoic acid can also vary with 
the Gram-positive bacteria being investigated. Sometimes teichoic acid 
can contain erythrltol or mannitol or in some instances teichoic acid 
may be bound to the mureln (Schlegel, 1986).
This short study into the outer layers of Gram-negative and Gram­
positive bacteria indicates that these outer layers vary in their 
composition, and variations in composition between bacterial species 
within these groups is also possible. Such variations in the outer layer 
composition could change the characteristics of the cell surface to 
increase or decrease the potential of these bacteria to attach to solid 
surfaces.
Exterior to the cell wall other bacterial structures can be found, 
such as capsules, exocellular polymers and pill and fimbriae. It is
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important to note that even if capsules and exocellular polymers are 
present, the components of the cell wall can still be Involved in 
attachment. These cell wall components could be exposed due to the 
polymer material not covering the bacterium completely, or due to parts 
of the wall being exposed by cell wall components breaching the polymer 
wall.
This polymer material is usually polysaccharide in nature, 
homopolysaccharides such as glucans can sometimes be present, however, 
heteropolysaccharides such as uronic acid are usually the most common 
polysaccharides found (Ward et al. 1980). Costerton (1978), suggested 
that the carbohydrate slimes produced by bacteria were involved in 
attachment. Other studies have indicated that polymers are critical for 
the Irreversible binding of marine microorganisms to surfaces (Corpe, 
1973). Research has shown that many polymers can be produced when 
bacteria are not attached, therefore, polymers could be Involved in 
other functions other than attachment (Uhlllnger, 1983). Mittelman 
(1984), has shown that one of the other functions of polymers is the 
binding of copper to bacteria prior to uptake. Many other surface 
polymers could be involved in the attachment of nutrients to the cell 
surface prior to transport to the cell.
Polymers have been shown to be affected by the nutritional 
components in the liquid phase. Bacteria attached to a surface in the 
presence of polymers produced in glucose-limited media, but not with 
polymers produced in nitrogen-limited media (Brown et al■ 1977). Indeed 
the polymer produced in nitrogen-limited media, appeared to be 
Inhibiting the lntlal attachment of the bacteria to the surface. This 
could have been due to attachment being inhibited by physicochemical
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reactions such as Ionic repulsion between the surface and the polymer, 
or by the polymer saturating the binding sights on the bacterial surface 
so that the bacterium was unable to attach to the surface. This 
situation can be further complicated, as was shown by Fletcher (1972), 
who Indicated that more than one polymer was produced by a bacterium. 
These polymers were seen to differ in both their appearance and their 
function. Marshall (1989) has also demonstrated that the polymers 
produced during the attachment of Psmirtnunnas to solid surfaces can 
differ In structure and so could differ In their function.
This conflicting evidence questions the importance of polymers in 
relation to attachment. Research into the importance of electrostatic 
Interactions on the attachment of bacteria to solid surfaces suggests 
that for a bacterium to enter into irreversible attachment, the 
bacterium must overcome the repulsion barrier present at the solid 
surface (Section 1.3.1.(A)). Bacterial external appendages such as pill 
and flagella may then be important when considering bacterial 
attachment. These appendages could help the bacteria overcome the 
repulsion energy at the solid surface and allow the bacterium to enter 
into irreversible attachment.
1.3.2.(B> Bacterial External Appendages
Bacterial attachment has been studied to a great extent and has 
provided us with information on the different adhesive mechanisms of 
bacteria. Experiments using the electron microscope found structures on 
the surface of bacteria such as pill, genetically coded for by a 
plasmid, and fimbriae, the genetic code for which is found on the 
bacterial chromosome (Corpe et al■ 1975). Research suggests pill and 
fimbriae could be Involved in attachment. This could be possible due to
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their long, straight and thin structure, which would allow then to 
overcone the electrostatic repulsion barrier at a solid surface 
interface and so help facilitate adhesion. These structures could act as 
anchors in the attachment of bacteria to surfaces. Pill have also been 
shown to contain surface polymers of the bacterial cell which can be 
involved in adhesion, or could influence such factors as hydrophobicity, 
which can influence attachment (Fadar et al■ 1984) Handley et al. 1984). 
Ekback, (1986) has shown pill to be important in the attachment of 
E. coll in urinary tract infections. Other E. coll studies have shown 
that fimbriae can be associated with lectins which can be specific for 
sugars, and this can bring about haemagglutination (Duguid et al. 1957 + 
1979). Fimbriae have also been shown to be important in the attachment 
of Actinomyces vlscosus to lectins (Heeb et al. 1982). This evidence 
does suggest that pill and fimbriae may be important in attachment and 
their possible significance to attachment in aqueous habitats cannot be 
ignored.
The Importance of flagella in the attachment to solid substrata has 
again been indicated (Piette, 1991). Flagella can be involved in 
overcoming the repulsion barrier at a solid surface Interface, and have 
also been shown to be Involved in determining the cell orientation at a 
surface. Therefore, they could Influence the potential of a bacterium to 
become irreversibily attached (Moore et al ■ 1981). Hvphomicroblum 
attachment can occur at the same pole as the flagellum, after attachment 
the flagellum is subsesquently lost. During the attachment process the 
Hvphnmlcroblum produces a polymer at the same pole as the flagellum. It 
is possible that the flagellum initiates this polymer production, or the 
flagellum could be acting as a means of transporting the polymer from
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This was thought to be due to their involvement in polymer transfer to 
the surface rather than their motility ability (Jones et al. 1976). 
Headows, (1971) and Lawrence, (1987b) have also studied the importance 
of flagella in attachment. Again the flagella are seen to be involved in 
the attachment of the bacterium to the surface.
Hyphomicroblum and Caulobacter are ollgotrophic colonisers of 
surfaces. These bacteria have specialised structures which are thought 
to be involved in attachment. Poindexter,(1981) has shown Caulobacter to 
have a stalk, at the end of this stalk a holdfast material can be 
present. This holdfast material is again thought to be Involved in the 
attachment of the bacterium to surfaces. Other groups of bacteria such 
as the gliding bacteria, utilise special methods of attachment, an 
example of this can be seen when Flexibacter species use specialised 
fibrils to attach to surfaces (Ridgeway, 1975).
These attachment studies show a range of different structures 
Involved in attachment, the significance of these structures in the 
attachment of bacteria at a solid surface interface is questionable. It 
has been suggested that the time periods Involved in bacterial 
attachment in aqueous environments are too short to indicate the 
Involvement of some of these structures (Harshall et al. 1971b).
However, SJollema (1990) has demonstrated that Streptococcus mutants 
which do not have surface appendages do not attach to surfaces. Vith 
non-mutant Streptococcus with surface appendages attaching to surfaces. 
Section 1.3.2 has demonstrated that the outer layers of bacteria can 
vary significantly and the resultant differences in bacterial surface
the bacterium to the surface (Guentzel et al. 1975). Researchers have
shown that the loss of flagella results In a decrease in attachment.
25
characteristics could Influence the attachment ability of these 
bacterial to a solid surface.
1.3.2.(C) Attachment Sequence
The primary colonisers of a surface have been described as being 
both non-specific and permanent (Marshall, 1960). The initial attachment 
process Involves a bacterium coming into contact with, or close 
proximity to the surface concerned and then attaching to the surface.
The process of bacterial attachment to a solid surface has been 
investigated by Marshall et al (1971a+b>. In these studies Marshall has 
called the initial stage of permanent adhesion, reversible attachment. 
These bacteria can be observed under the light microscope and appear 
attached. However, the bacteria can easily be removed from the surface, 
or may swim away from the surface of their own accord. The next step in 
this process is called irreversible attachment. This Involves the 
physiochemical adsorption of the bacterial cell, or the bacterial 
surface components onto the solid surface. The interactions that can now 
occur between the bacterium, or its surface components and the solid 
surface will result in the attraction or repulsion of the two surfaces 
(Daniels, 1980). It is at this stage in the attachment sequence that 
bacterial appendages could aid the bacterium in overcoming the repulsion 
barrier and enter into irreversible attachment. These interactions will 
also be Influenced by various physiochemical factors as discussed in 
Section 1.3.1.
This attachment process is not strictly defined as demonstrated by 
Lawrence (1987a+b), during these studies various other stages in the 
attachment process were indicated. An initial motile attachment phase 
was reported where the cells were attached to the surface but were still
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motile. The reversible attachment phase was then observed when the cells 
could be seen to be attached apically with the ability to rotate or 
detach themselves from the surface. The irreversible attachment phase 
was thought to be initiated by the transition from apical to 
longitudinal attachment. In this phase it has been suggested that the 
bacteria could not detach until at least one cell division had occured. 
The fourth phase is the growth phase when cells can grow to form a 
microcolony, however, this does not always occur. The last stage is the 
recolonisation phase when cells can detach and colonise new areas on the 
surface or new surfaces. In practice these attachment stages are not 
always observed, this could be due to the complex nature of the process 
with a large number of external factors also being involved. This 
attachment complexity was indicated by the various bacterial movements 
observed during growth and recolonisation by Lawrence (1987a+b>.
These bacterial movements included a 'packing manoeuver* and a 
'spreading manoeuver' which both resulted in the formation of a 
monolayer of adjacent cells, a 'shedding manoeuver' when the cells were 
seen to be attached perpendicular to the surface and were seen to 
release their daughter cells from this position and lastly a 'rolling 
manoeuver’ observed when the cells were loosely attached and 
continuously somersaulted across the surface as they grew and divided.
During attachment experiments bacteria can attach to solid surfaces 
in different ways and by using different attachment mechanisms. The 
attachment of bacteria will be influenced by the factors discussed in 
Section 1.3 and possibly by the different conditions present in the 
liquid environment.
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1.3.3 The Liquid Environment
The importance of the liquid environment was demonstrated when 
conditioning films were disucussed in Section 1.3.II, where dissolved 
substances In the liquid environment could Influence bacterial 
attachment by absorbing onto the solid surface and changing the surface 
characteristics. The liquid environment will also Influence the 
bacterial cell present In that environment. Changing nutrient conditions 
have been shown to Influence the attachment of bacteria to solid 
surfaces (McEldowney, 1986). This was thought to occur due to the 
changes in the nutrient conditions resulting in changes In the bacterial 
surface characteristics, which In turn Influenced the bacterial 
attachment to the solid surfaces. Other environmental conditions have 
also been shown to Influence bacterial attachment to solid surfaces. 
These include pH (Stanley, 1967) and the temperature of the liquid 
environment (Fletcher, 1977).
This thesis will investigate how changing the nutrient and 
environmental conditions of the liquid environment Influences the 
attachment of pure cultures of bacteria to solid surfaces. If changing 
the growth conditions in liquid environments changes the relative levels 
of bacterial species attaching to a solid surfce, then it is possible 
that by changing the growth conditions of the liquid environment, the 
microbial composition of the developing blofllm could be influenced. 
Therefore, this thesis will also investigate how the attachment of mixed 
bacterial populations to solid surfaces Is Influenced by changes In the 
nutritional and environmental conditions in the liquid environment.
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1.4 AINS
The aim of this thesis Is to determine If changing the growth 
conditions of bacteria In aquatic environments can alter the relative 
levels of bacterial species attaching to solid surfaces and accordingly 
the microbial composition of the developing biofilm.
The aim was undertaken by studying blofilm development in. vitro 
using batch cultures and continuous cultures and la. situ using a model 
system. The different growth conditions studied Included the nutritional 
components of the growth media, these Included the carbon concentration 
and the carbon source used in the growth media. The environmental 
factors considered Included the temperature and the pH of the aquatic 
habitat being investigated.
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CHAPTER TWO
ISOLATION AID CHARACTERISATIOW OF FRESHWATER BACTERIA
2.1 AIMS
To identify a selection of bacteria isolated from a freshwater lake.
2.2 IHTRODUCTIOW
The bacteria Isolated from the freshwater lake were identified on 
the basis of cell morphology, pigment production and the use of a range 
of biochemical tests.
2.3 MATERIALS AID METHODS
2.3.1 Sterilisation
Solutions, where appropriate, were sterilised using sterile 0.2 pm 
cellulose acetate filters (Sartorius). Heat sterilisation was carried 
out by autoclaving as indicated.
All glassware was pre-sterilised by dry heat at 120°C for 6 hours in
an oven.
2.3.2 Media Preparation
Media such as Nutrient agar (Oxoid, England) and Nutrient broth 
(Oxoid, England) were made up as per manufacturers instructions unless 
otherwise indicated in the text. The diluent used in the preparation of 
these media was distilled water unless another diluent is specified in 
the text.
2.3.3 Isolation
A 10ml water sample was obtained from a freshwater lake (Tocll Lake, 
University of Warwick, Ordnance Survey Map Reference SP2753, SP4306) in 
a sterile 20ml universal. Serial dilutions of 1ml of this sample were 
prepared and 0.1ml of 10-1, 10~a and 10-* dilutions of the water sample
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were spread plated onto various selective media. The selective media 
used Included nutrient agar plus 50 jig/ml kanamycin <Fllnt, 1985) which 
Is selective for Flavobacterlum species, and various low nutrient media 
which were used to isolate oligotrophic bacteria which could grow in low 
nutrient concentrations (Kuznetsov, 1979; Tomomlchi, 1978). Nutrient 
agar (Oxoid Ltd, England), which is nonselective was used to isolate 
general heterotrophic. These agar plates were incubated at 15°C for up 
to 7 days.
Bacterial colonies were randomly selected taking note of the colony 
morphology, pigmentation and colony size. This information was needed 
for the bacterial identification. The different colony types were then 
removed and streaked onto nutrient agar plates to purify them ready for 
their identification.
2.3.4 Identification
(1) Gram stain and cell morphology.
Bacteria grown on nutrient agar (Section 2.3.1) were Gram stained 
after heat fixing onto glass microscope slides using Jensen's method as 
described in Cruickshank et al, 1979. They were then examined under a 
light microscope (Kyowa Optical, model Unllux) at a magnification of 
X1000 for their Gram reaction and cell morphology.
(2) Bacterial motility.
To observe bacterial motility in the aqueous phase, bacteria were 
grown in nutrient broth at 15°C in a shaking incubator (150 rpm) for 16 
hours. A drop of culture was then placed on a microscope slide and a 
cover slip was placed on top. This was examined under phase contrast at 
X400 magnification. The ability of a bacterium to be motile on a solid
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(3) Oxidase Test.
A single colony from a pure culture was picked from a nutrient agar 
plate with a sterile glass rod and streaked onto a filter paper 
impregnated with a 1% (w/v) solution of tetramethyl-p-phenylene diamine 
hydrochloride (Sigma, Poole), in sterile distilled water. A positive 
violet colour within 5-10 secs indicated cytrochrome oxidase activity 
(Kovacs, 1956). Pseudomonas fluorescens was used as a positive control, 
and Escherichia coll as a negative control.
(4) Catalase Test.
A pure colony was picked from a nutrient agar plate with a sterile 
wooden toothpick and emulsified into hydrogen peroxide (Fisons, 
Loughborough) solution (30% v/v in distilled water) on a glass slide.
The immediate production of bubbles of oxygen indicated a positive 
reaction and therefore the presence of the enzyme catalase (MacFaddin, 
1976).
(5) Hugh and Leifsons Test.
This test is used to differentiate between bacteria possessing 
fermentative and oxidative metabolic pathways. A basal medium was 
prepared containing 2.0g peptone (Oxoid Ltd, England), 5.0g NaCl 
(Fisons, Loughborough), 0.3g KaPOa (Fisons, Loughborough), 0.2g agar 
(Nb2, Lab M, London) and 0.0025% (w/v> bromocresol purple (Maynard & 
Baker Ltd, London) in 1000ml of distilled water, adjusted to pH 7.1 with 
1M NaOH. After autoclaving <121°C, 10 min) and cooling, a 1% (w/v) 
solution of filter sterilised glucose solution was added. The medium was 
poured aseptically into sterile test tubes. These tubes were stab
surface could also be seen during the initial Isolation on nutrient agar
plates (Section 2.3.1).
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inoculated with pure cultures of each organism, half of the tubes were 
sealed with paraffin oil and all of the tubes were incubated for up to 
15 days at 15°C. The production of a yellow colour in the open tubes 
Indicated the oxidation of glucose, a yellow colour in the sealed tubes 
indicated the fermentation of glucose (Hugh & Leifson, 1953).
<6> Indole Reaction.
The indole reaction demonstrates the ability to break down 
tryptophan. The test solution consisted of lg of peptone (Oxoid Ltd, 
England), 5g NaCl (Fisons, Loughborough) in 1000ml distilled water 
adjusted to pH 7.4, supplemented by 1% (w/v) tryptophan (Sigma, Poole). 
The solution was put into tubes in 3ml portions and sterilised by 
autoclaving (121°C for 15 mins). The inoculated broths were Incubated at 
15°C until the culture had grown to an optical density of > 0.1 at 540nm 
as determined by a colorimetry. The formation of indole was detected by 
the development of a red colour upon the addition of 0.5ml of Kovacs 
reagent. Kovacs reagent contained lOg p-dimethylaminobenzaldehyde 
(Sigma, Poole) dissolved in 150ml butyl alcohol (Fisons, Loughborough) 
with the addition of 50ml concentrated HC1 (BDH Chemical Ltd, Poole), 
(KacFaddin, 1976).
(7) Methyl Red Test.
This test is to detect the production of acid during the 
fermentation of glucose and that a pH of at least 4.5 is reached after 
prolonged incubation. The medium used was glucose phosphate peptone 
water which consists of 5.Og peptone (Oxoid Ltd, England) and 5.0g 
K.fHP0a (Fisons, Loughborough) in 1000ml of distilled water. This medium 
was dispensed into test tubes in 5ml amounts and sterilised at 121°C for 
15 mins. A 10% (w/v) glucose (Fisons, Loughborough) solution was
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sterilised by filtration and 0.25ml was added to each tube. This medium 
was inoculated from a young agar slope culture and incubated at 37°C for 
48 hrs. Five drops of methyl red indicator were added to the tubes which 
were mixed and colour recorded. The methyl red indicator solution 
consists of l.Og methyl red CFisons, Loughborough) and 300ml ethanol in 
200ml of distilled water. Positive tubes were bright red and negative 
tubes were yellow (Cruickshank, 1974).
<8> Voges-Proskauer Test.
Acetyl methyl carbinol can be produced by certain bacteria on the 
fermentation of carbohydrates or its reduction product 2,3 butylene 
glycol may be produced. The production of acetyl methyl carbinol or 2,3 
butylene glycol usually results in insufficient acid accumulating during 
fermentation to give a methyl red positive reaction, so the tests were 
done in conjunction.
The medium used was glucose phosphate peptone water as for methyl 
red test. The inoculated medium was incubated at 37°C for 48 hrs. After 
incubation 1ml of 40% (w/v) potassium hydroxide and 3ml of a 5% (w/v) 
solution of a-naphthol in absolute ethanol were added. A positive 
reaction was indicated by the development of a pink colour in 2-5 mins, 
becoming crimson in 30 mins. The tube was shaken at intervals to ensure 
maximum aeration.
(9) Citrate Utilization Test.
The ability of an organism to utilize citrate as the sole carbon and 
energy source for growth and ammonium as the sole source of nitogen was 
Investigated in this test. Simmons' citrate agar was used and consisted 
of 5.0g KaCl (Fison, Loughborough), 0.2g KgSOa. 7HaO (Fisons, 
Loughborough), l.Og KH*POa (Fisons, Loughborough), 5.0g Sodium citrate
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(Fisons, Loughborough), 20g agar (Ho. 1 Oxoid Ltd, England) and 40ml of 
0.2% (w/v) Bromothymol blue (Sigma, Poole) In 1000ml of distilled water, 
adjusted to pH 6.8, dispensed Into universal tubes and sterilized by 
autoclaving at 121°C for 15 mins. A positive result was development of a 
blue colour about the streak, a negative result was the original green 
colour and no growth (Cruickshank, 1974).
(10) Hydrogen Sulphide Production (Combined with Gelatin liquefaction).
Large numbers of bacteria can produce at least small amounts of 
hydrogen sulphide from sulphur-containing amino acids. This method was 
used as it is suitable for differentiation of groups within the 
Enterobacteriaceae. Hydrogen sulphide production was demonstrated by its 
ability to form Insoluble black ferrous sulphide. The medium was 
solidified with gelatin rather than agar so it allowed gelatin 
liquefaction to be tested at the same time.
The medium consisted of 7.5g meat extract (Oxoid Ltd, England), 25g 
peptone (Oxoid Ltd, England), 5g NaCl (Fisons, Loughborough) and 120g 
gelatin (Fisons, Loughborough) in 1000ml of distilled water. The pH of 
the medium was adjusted to 7.6, and this solution was heated in a 
autoclave in free steam for 10 mins and then at 115°C for 10 mins. The 
solution was removed from the autoclave as quickly as possible and 
cooled to about 55°C. Freshly prepared ferrous chloride solution was 
filter sterilized and 5ml of a 10% (w/v) solution was added to the 
medium. The medium was placed in narrow tubes and sealed with corks 
impregnated with paraffin wax and left to cool until the gelatin 
solidified.
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The tubes were inoculated with a straight wire to a depth of 1cm and 
incubated at 20°C for at least 7 days. Inspection took place daily for 
blackening due to hydrogen sulphide and for the liquefaction of gelatin.
(11) Fermentation Tests.
The bacterial species to be characterized were tested for their 
ablity to ferment a range of sugars producing acid, or acid and gas in 
the process. The basal medium used was peptone water which consisted of 
lOg peptone (Oxoid Ltd, England) and 5g WaCl (Fisons, Loughborough) in 
1000ml of distilled water. The ingredients were dissolved and the pH 
adjusted to 7.2. After filtration (Whatman No.1) 25ml of a 2% (v/v> 
solution of Bromocresol indicator (Fisons, Loughborough) was added to 
950ml peptone water. This medium was then dispensed in 5ml amounts into 
test-tubes and autoclaved at 121°C for 10 mins. Durham tubes were 
introduced to test for gas production.
After the basal medium was cooled the various filter-sterilised 
carbon sources were added to the basal medium to a final concentration 
of 0.5% (w/v>. The carbon sources were glucose (Fisons, Loughborough), 
maltose (Fisons, Loughborough), lactose (Fisons, Loughborough), 
arabinose (BDH Chemicals Ltd, Poole), xylose (Sigma, Poole), inositol 
(Sigma, Poole), adonitol (Sigma, Poole), malonate (Sigma, Poole) and 
sucrose (Sigma, Poole).
The various media were inoculated and incubated at 15°C. Some 
quickly-growing bacteria failed to ferment a given sugar in 24 hrs, but 
gave a fermentation if incubation is prolonged. Therefore, tests were 
inspected daily and the day that fermentation first appeared was noted.
A positive fermentation was indicated by a change in colour of the 
indicator from purple to yellow. Gas production was shown by the 
presence of gas in the Durham tube.
(12) Urease Activity.
The medium used to demonstrate the hydrolysis of urea consisted of 
a basal medium consisting of 5g Nacl (Fisons, Loughborough), 2g KiHPO* 
(Fisons, Loughborough), lg Peptone (Lab, M), 20g agar (Oxoid Ltd, 
England) and 0.2g (w/v) phenol red (Sigma, Poole) in 1000ml distilled 
water. This medium was adjusted to pH 6.8 and autoclaved in a flask at 
121°C for 30 mins. The medium was cooled to about 50°C, 100ml Of a 20% 
(w/v> solution of urea and 10ml of a 10% <w/v) solution of glucose were 
filter sterilized and added to the medium. The medium was pipetted 
aseptically into test-tubes and set as slopes. The slopes were 
inoculated and incubated at 15°C for up to 72 hrs. The production of a 
red colour indicated urease activity (Blazevic & Grace, 1975; MacFadden, 
1976).
(13) Pigment Production.
The production of pigment by Pseudomonas species was shown using 
King's media (King, 1954). These media were used to determine if the 
isolates produced pyocyanin or fluorescin pigments. King's A medium, for 
enhanced pyocyanin production, consisted of 20g protease peptone (Difco 
Lab, Michigan), lOg glycerol (Fisons, Loughborough), lOg KaSO* anhydrous 
(BDH Chemicals Ltd, Poole), 1.4g MgCla anhydrous (May & Baker Ltd, 
London) and 20g agar (No.2, Lab M, London) in 1000ml of distilled water 
adjusted to pH 7.2. The medium was sterilised by autoclaving at 121°C 
for 10 mins. Bacteria were streaked onto plates of this medium and 
incubated at 15°C for 72 hrs. The cells were harvested with 10ml of
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chloroform (J. Burrough Ltd, London) and slightly acidified by the 
addition of IK HCL (May & Baker Ltd, London). The production of a red 
colour indicated the presence of pyocyanin typical of Pseudomonas. 
aeruginosa-
King's B medium enhances the production of fluorescln. The medium 
consists of 20g protease peptone (Difco Lab, Michigan), lOg glycerol 
(Fisons, Loughborough), 1.5g KzHPO-a (Flsons, Loughborough), 1.5g 
MgS0*.7H20 (Fisons, Loughborough) and 20g agar Clio.2 Lab M, London) 
dissolved in 1000ml of distilled water adjusted to pH 7.2. The plates 
were streaked and incubated at 15°C for 72 hrs. After incubation the 
colonies present were observed under ultra-violet illumination for 
yellow-green fluorescence which indicated fluoresein production.
<14) Dlhydrolase and Decarboxylase Activity.
The basal medium used to investigate Arginine dihydrolase, Lysine 
decarboxylase and Ornithine decarboxylase activities of the bacterial 
isolates was introduced by MacFaddin in 1976. The medium consisted of 
0.5g peptone (Oxoid Ltd, London), 5g beef extract (Difco Labs, Detroit), 
0.005g cresol red (Sigma, Poole), 5. Omg pyridoxal (Sigma, Poole) and 
0.5g glucose (Fisons, Loughborough) in 1000ml distilled water adjusted 
to pH 6.0. The basal medium was divided equally into four containers and 
treated as follows:
(a) Add 17. (w/v) L(+> Lysine dihydrochloride (Sigma, Poole).
(b) Add 17. (w/v) L(t) Arginine monodihydrochlorlde (Sigma, Poole).
(c) Add 1% (w/v) L(+) Ornithine dihydrochloride (Sigma, Poole).
(d) Mo additives (Control).
These media were then filter sterilised and 3ml aliquots were 
aseptlcally dispensed into 5ml test tubes. These tubes were inoculated
38
and incubated at 15°C for up to 15 days. A positive reaction, that is 
decarboxylase or dihydrolase activity, was shown by a turbid purple 
colour.
C15) Polymer Hydrolysis.
The hydrolysis of starch, cellulose, casein and deoxyribose nucleic 
acid by the bacterial Isolates was studied by the methods of Blazovic & 
Grace <1975) and MacFaddin (1976).
(a) Starch hydrolysis was demonstrated by the addition of 0.8% (w/v) 
soluble starch CBDK Chemicals, Poole) to nutrient agar (Oxoid Ltd, 
England). The agar plates were Inoculated and incubated at 15°C for 5 
days. Starch hydrolysis was demonstrated by flooding the plates with 
Gram's iodine which consisted of lOg iodine (Fisons, Loughborough) and 
20g potassium iodine (Fisons, Loughborough) in 1000ml distilled water. A 
colourless zone, forming around the bacterial colonies, on medium which 
stained dark blue indicated a positive result.
(b) To investigate the hydrolysis of cellulose, nutrient agar (Oxoid 
Ltd, London) containing 10% (w/v) cellulose (Sigma, Poole) was used. The 
plates were inoculated and Incubated at 15°C for 5 days. Cellulase 
activity was demonstrated by a zone of clearing around the bacterial 
colonies.
(c) Casein hydrolysis was demonstrated using nutrient agar (Oxoid 
Ltd, London) containing 10% (w/v) skimmed milk. This milk was sterilised 
separately and mixed into the nutrient agar on plate pouring. The plates 
were inoculated and Incubated at 15°C for 5 days. Casein hydrolysis was 
indicated by a zone of clearing around the bacterial colonies.
<d) To investigate DNase activity, DNA agar was used (Oxoid Ltd, 
London). Plates were inoculated and incubated at 15°C for 5 days. DNA
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(16) Growth on Kilk Agar. <10% JaCl).
Milk agar Is a good growth medium for staphylococci, however, as 
staphylococci can tolerate higher concentrations of sodium chloride than 
other bacteria, salt-containing milk agar is a useful selective medium 
for staphylococci.
The salt-containing milk agar contained 100ml fresh milk, 200ml 
sterile nutrient agar containing 3% agar (Oxold Ltd, London) and ^ 0%
SaCl (Fisons, Loughborough). The milk was heated to 60°C shaken and 
sterilised by autoclaving at 121°C for 20 mins. The sterilised agar was 
then melted, mixed with the milk and plates were poured. All isolates 
were streaked onto the agar plates. Positive growth was taken to be a 
presumptive indication of a Staphylococcus species (Cruickshank, 1979).
(17) Spore Stain.
The spore stain test was used to aid the identification of the 
Bacillus species. A heat-fixed smear on a glass slide was placed on the 
rim of a beaker of boiling water, with the bacterial smear uppermost. 
Once large droplets of water had formed on the under side of slide it 
was flooded with 5% <w/v> aqueous solution of malachite green (Fisons, 
Loughborough) for one minute. The slide was removed from the beaker 
washed with distilled water and stained with 0.05% (w/v) basic fuchin 
(Fisons, Loughborough) for 30 secs. The slide was washed in distilled 
water and air dried.
On examination under a light microscope spores were stained green 
and the bacteria red (Ashby, 1938). A Bacillus megater1um species was 
used as a positive control.
hydrolysis was shown by a clear zone around the bacterial colonies after
flooding the plates with 1M HC1.
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2.4 RESULTS.
After the initial isolation, the bacterial colonies were purified on 
nutrient agar. The Isolation process for oligotrophlc bacteria 
originally selected for those bacteria which could grow on nutrient- 
limited media but not on nutrient-rich media. Later recultivation onto 
nutrient-rich media, however, resulted in growth of these oligotrophic 
bacteria. According to the classification of Kuznetsov (1979) the 
bacteria Isolated by this process would be bacterial species such as 
Aeromonas and Corynebacterium and this was observed here. Oligotrophic 
bacteria sometimes require prolonged incubation periods, and certain 
species of them may not have been isolated due to the incubation times 
used in the isolation being too short (Rittman, 1986).
The results obtained from the identification tests (Appendix 
Tables 1.1-1.10) enabled the bacterial isolates investigated to be 
tentatively identified, with the aid of Bergey's manual of determinative 
bacteriology (Table 2.1). The selected species were identified as two 
Aeromonas species, two Acinetobacter species, two Chromobacterium 
species, two Pseudomonas aeruginosa, a Pseudomonas fluorescens. a 
Bacillus species, a Klebsiella species, a Flexlbacter species, a 
coryneform, a Flavobacterlum species, an Enterobacter species and a 
Staphylococcus species.
2.5 DISCUS5IO».
The bacteria isolated from Tocil Lake did not in any way reflect the 
total bacterial population of the lake. The experimental procedures 
employed were not suitable for the isolation of other bacterial species 
which could have been present in the lake e.g the oligotrophic bacterium 
Caulobacter (Poindexter, 1981) and Hyphomicroblum (Staley, 1968). Indeed
TABLE 2.1 Tentative Identification of Organisms Isolated Using
Identification Results and Bergey's Manual of Determinative 
Bacteriology.
ORGAMISH BACTERIA IDEITIFIED
Organism 1 Aclnetobacter species
Organism 2 Aclnetobacter species
Organism 3 Pseudomonas aeruginosa
Organism 4 Pseudntnnr!^ aeruginosa
Organism 5 Pseudomonas fluorescens
Organism 6 Chromobacter1 um species
Organism 7 Chromobacter1 um species
Organism 8 Aeromonas species
Organism 9 Aeromonas species
Organism 10 A coryneform
Organism 11 Flavobacterium species
Organism 12 Flexlbacter species
Organism 13 Bacillus species
Organism 14 Staphvlococcus species
Organism 15 Klebsiella species
Organism 16 Enterobacter species
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Yanagita (1978), showed that the numbers of oligotrophic bacteria in 
freshwater usually exceeds that of copiotrophic bacteria, therefore, 
this indicates a large number of bacterial species were not Isolated by 
the experimental procedures employed in this isolation.
Research into the effectiveness of the various isolation procedures 
available, suggests they are not totally effective. Quinn (1984), has 
used cytochemical techniques for enumeration of metabolically active 
bacteria and these counts were at least twice as high as heterotrophic 
plate counts. Other studies have also used activity to enumerate 
bacteria in a sample and in each case the activity counts were higher 
than the plate counts (Fry, 1982; Bratbak, 1985). These results indicate 
that the plate isolation methods employed in this bacterial isolation 
could only Isolate a small fraction of the bacteria present in the lake 
water sample.
Heterotrophic bacteria were isolated by the methods used. These 
heterotrophic bacteria were easy to maintain in the laboratory and 
therefore, the same heterotrophic bacteria could be used in the 
different attachment experiments. Heterotrophic bacteria have also been 
used extensively in attachment experiments as indicated by the 
literature (Marshall, 1977; Fletcher, 1982; McEldowney, 1986). The 
heterotrophic bacteria isolated were selected for subsequent bacterial 
attachment experiments in order to make use of the information already 
available on heterotrophic bacterial attachment in the literature.
The different species of heterotrophic bacteria Isolated from Tocil 
Lake varied with the isolation method used. Certain bacteria had to be 
isolated on selective media as they needed special growth requirements 
to grow, without these requirements they would not be competitive on the
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other isolation media. The other selective Isolation procedures employed 
e.g. for Flavobacterlum were used to isolate these bacteria from a 
heterotrophlc bacterial population which usually out competed them on 
the nutrient agar used for the isolation of heterotrophs.
The numbers of bacteria obtained and different bacterial species 
present in a water sample can be Influenced by other factors. 
LeChevalller (1985), has shown that the presence of certain 
heterotrophic bacteria in a water sample can reduce the numbers of 
collform bacteria that are Isolated. Bacteria can also be removed from a 
water sample due to "death" and adsorption to the walls of the sample 
vessel if the sample is not processed quickly in the laboratory 
(Cruickshank, 1979). Environmental factors such as seasonal variations 
in the bacterial populations present in the water samples can occur and 
so influence the bacterial numbers and species isolated. The water 
samples in these studies were taken during the winter months and this 
could have influenced the bacterial species Isolated from these samples. 
These variations can also occur if the sample site is changed or the 
sample is obtained from the same sample site, but at a different depth 
(Yoshimzu, 1983; Teweri, 1985). The problem of autochthonous bacteria 
(which are not part of the native autochthonous bacterial population) 
being isolated from the watei sample must also be considered. This can 
arise due to faecal contamination of the water or run off from the soil 
contaminating the water (Skinner, 1984). This problem can be partly 
controlled by taking a water sample only after one week without rain, 
when contamination due to run off will be at a minimum.
On identification the bacterial species identified were 
predominantly Gram-negative motile rods, however, representatives of
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other bacterial groups were also present. The presence of these 
different heterotrophlc bacterial species was important as it enabled 
the selection of different bacteria species with a range of attachment 
abilities. These are the bacterial species which would be used in 
subsequent attachment experiments (Chapter 3>.
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CHAPTER THREE
Af INVESTIGATION IiTO THE ATTACHMENT ABILITIES OF THE BACTERIAL
ISOLATES
3.1 AIMS
To select bacteria for further experimental work on the basis of 
their attachment to glass, In different growth media. Changes in 
bacterial attachment with subculturing, culture age and bacterial cell 
concentration were also considered.
3.2 INTRODUCTION
The bacteria, isolated from Tocil Lake, were screened for their 
ability to attach to glass coverslips in different growth media. 
Experimental evidence has shown that bacteria can attach differently in 
different media (KcEldowney, 1986).
Changes in bacterial attachment due to storage on solid media or in 
liquid media and due to subculturing over a period of time were also 
investigated as culture age and subculturing were known to affect the 
attachment of bacteria (Fletcher, 1977; Nlkaido, 1980).
The literature has indicated that an increase in the bacterial cell 
concentration used in attachment experiments does not necessarily lead 
to a increase in the numbers of bacteria attaching to the surface 
(Fletcher, 1977). Therefore the bacterial cell concentration best suited 
for the attachment of each bacterial species was also determined.
3.3 MATERIALS AND METHODS
3.3.1 Culture Methods
A pure culture of each of the bacteria Isolated from Tocil Lake 
(Chapter 2), was inoculated into the following media:
(a) Nutrient Broth (Section 2.3.2).
(b) Glucose medium containing 0.544g KH2P04, (Fisons, Loughborough!,
0.38g NHaC/2 (Fisons, Loughborough), 0.6ml of a salt solution consisting 
of 10gl“' MgS0.».7H20 (Fisons, Loughborough), 0.4gl_1 FeSCLt.THzO (Fisons, 
Loughborough) and 0.2g glucose (Fisons , Loughborough). The glucose and 
FlLtC^ were prepared in 10ml volumes of distilled water and autoclaved 
separately at 121°C for 10 mins and added aseptlcally to the KH2PO.4 
which had been sterilised by autoclaving at 121°C for 15 mins. The salt 
solution was prepared in 100ml volumes in distilled water, filter 
sterilised (0.45 p cellulose acetate filter) and added to the medium to 
give a final volume of 100ml.
(c) A mannose medium prepared as (b) but with 0.2g mannose (Fisons , 
Loughborough) Instead of glucose.
(d) A sucrose medium prepared as (b> but with 0.2g sucrose (Fisons , 
Loughborough), Instead of glucose.
The inoculated flasks were Incubated at 15°C in a shaking incubator for 
16 hrs. These flasks were used as stock cultures and stored at 4°C for 
up to two weeks.
3.3.2 Glass Coversllps
The surfaces used in these experiments were 16mm diameter glass 
coversllps (Chance Propper Ltd, Warley, England). The coverslips were 
washed in a mixture of concentrated nitric acid and concentrated 
sulphuric acid (1/1) for 48 hrs and then rinsed with sterile distilled 
water six times. After drying, the coversllps were placed in sections of 
sterile silicon tubing (Vatson and Marlow, England) 15mm in diameter and 
16mm in length. This silicon tubing enabled the coversllps to be handled 
more easily.
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3.3.3 Absorbance versus Viable Counts
The relationship between absorbance and viable count for each 
bacterium in Section 3.3.1 was determined in the various media used in 
this section to aid in the estimations of bacteria present in a flask 
during attachment experiments. The relationships between absorbance and 
viable counts of these bacteria in nutrient broth were determined by 
inoculating 1ml of each stock solution Into 100ml of nutrient broth. 
These cultures were then incubated at 15°C in a shaking incubator at 150 
rpm. Growth was followed initially turbidometrically at 540 nm using a 
Corning colorimeter 252 and by doing viable counts before each 
colorimeter reading. An identical procedure was used to determine the 
growth rates of each bacterium used in attachment experiments on each of 
the media used.
3.3.4 Attachment Experiments
Flasks were set up as In section 3.3.1 and 1ml of a stock culture 
was aseptlcally inoculated into each flask. These flasks were Incubated 
at 15°C until late stationary phase was reached. Four coverslips were 
aseptically added to each flask and the flask was Incubated in a shaking 
incubator for 2 hrs at 150 rpm. After incubation, the coverslips were 
removed and rinsed in sterile 0.1M phosphate buffer (pH 7.4) or sterile 
nutrient broth to remove any loosely attached bacteria. The coverslips 
were placed in Bouln's fixative for 30 secs, rinsed in sterile distilled 
water and stained with crystal violet (0.5% w/v> (Flsons, Loughborough). 
The coverslips were rinsed once more in sterile distilled water and left 
to dry at room temperature. The coverslips were mounted on glass 
microscope slides and examined under oil immersion using a light 
microscope, at a magnification of X1000.
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The bacterial population remaining In the flask was determined by 
doing a viable count on nutrient agar plates.
3.3.5 Detachment
Sometimes It was Impossible to count the bacteria on a surface due 
to the presence of large numbers of cells on the surface. Also If there 
was more than one cell type present, these could not always be 
distinguished accurately and therefore a microscopic count of the 
different bacteria present could not always be obtained. In such cases, 
the bacteria were counted by removal from the surface. To remove the 
cells, surfactants were used which have been shown to remove bacteria 
from surfaces under certain conditions (Ball, 1986). The surfactants 
used were BGTA (Ethylene Glycol-bis (p-aminoethyl Ether) N,K,N, H-Tetra- 
acetic Acid) (Flsons, Loughborough) and Tween-20 (Flsons, Loughborough). 
These surfactants were first tested on blofllms prepared using bacteria 
selected for future attachment experiments to determine their efficiency 
at removing these bacteria from surfaces.
Once attachment experiments had been performed on glucose media 
(Section 3.3.4) using selected Gram-negative and Gram-positive bacteria, 
countable blofllms were obtained. These biofilms were then subjected to 
various experimental procedures to test which surfactant was best suited 
for the detachment of these bacteria from the surfaces. After the 
surfaces were washed to remove loosely attached cells, the surfaces were 
placed In unlversals containing 200, 100, 50, and 25 ppm Tween 20 or 20, 
10, 5, and lmg EGTA in a total volume of 5ml sterile distilled water. 
These unlversals were Incubated at 15°C or 37°C for 30, 60, and 90 mins 
In shaking Incubators at 50, 100, 150, and 200 rpm. The number of 
detached cells was determined by viable counts. The surfaces themselves
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were fixed and stained to determine the number of cells still on the
surface (Section 3.3.4). During the detachment process, bacterial cells 
sometimes became non-viable and this had to be accounted for when the 
detachment percentages were determined.
Once the best detachment method was obtained the process was 
performed on each bacterial Isolate selected for future attachment 
experiments, to assess the percentage of detachment under these 
conditions. Detachment experiments were performed on blofilms grown on 
nutrient broth and glucose medium (Section 3.3.1) to assess If the 
nutrient conditions affected the detachment of the bacteria.
3.3.6 The Effects of Subculture on Bacterial Attachment
The bacteria Isolated In Section 2.3.1 were subcultured on nutrient 
agar plates and glucose agar plates (Section 2.3.3) and Incubated at 
15°C. Stock cultures of each bacteria were prepared (Section 3.3.1) and 
attachment experiments were performed as In section 3.3.4 using glucose 
medium and nutrient broth. This procedure was repeated six times to 
determine the attachment abilities of each Isolate after each 
subculture.
The results obtained from the subculture attachment experiments were 
expressed as a proportion of the total bacteria attached against the 
total bacteria present in the flask,
The number of fields of view present during the attachment experiments 
with four surfaces were 63206 obtained by determining the area of the 
microscopic field of view (ITr2), dividing this number into the area of 
the glass coversllp (ITr2) and doubling this number as there were two
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sides to the glass coverslips. The results from future attachment 
experiments were also expressed In this form.
3.3.7 The Bffect of Culture Age on Bacterial attachment
Bacterial Isolates not selected for future experiments (Section 
3.3.4) were inoculated Into nutrient broth (Section 2.3.1) and glucose 
medium (Section 3.3.1). These flasks were Incubated at 15°C until 
stationary phase was reached In an orbital shaker Incubator and stored 
at 4°C. Nutrient agar and glucose agar plates (Section 2.3.3) were 
streak Inoculated with these bacteria and these plates were Incubated at 
15°C in a standing incubator until full growth was obtained.
Attachment experiments were performed on the bacteria from each of 
the storage media (Seclton 3.3.4), in the cases of the solid medium the 
isolates were first grown up in the corresponding liquid medium to 
enable the attachment experiments to take place. The bacterial 
population In each flask was estimated by viable count, and these 
experiments were repeated every seven days.
3.3.8 The Bffect of Bacterial Concentration on Attachment
The bacteria selected in Section 3.3.4 were inoculated into 10 
nutrient broth flasks and 10 glucose medium flasks (Section 3.3.1). The 
flasks were Incubated at 15°C until stationary phase was reached. The 
bacteria in the flasks were diluted with sterile nutrient broth or 
sterile glucose medium to obtain flasks containing different bacterial 
concentrations in 100ml. Attachment experiments were performed on each 
flask (Section 3.3.4) and the concentration of bacteria present in each 
flask was estimated by viable count. These experiments were performed to 
obtain the bacterial cell concentration which gave the optimum bacterial
attachment values.
3.4 RESULTS
3.4.1 Attachment Abilities of Isolates
The results obtained from Initial attachment experiments (Table 3. 1) 
Indicated no relationship between the attachment of Gram-negative and 
Gram-positive bacteria, e.g. all the bacteria attached differently to 
the glass coverslips. There was no relationship between generic 
classification and extent of their attachment, e.g. Pseudomonas (1) 
attaches differently from Pseudomnnas (3>. Similar results have been 
reported in the literature (Caldwell, 1986; Hsieh, 1986; Zvyagintsev,
J
1979).
There were variations in bacterial morphology observed, e.g. 
Flavobacterlum became elongated in nutrient broth medium and the 
Bacillus species was reduced In size In the glucose medium. These 
phenonemon have been reported in other studies (Caldwell, 1986;
Marshall, 1980). These results were considered when selecting the 
bacteria to be used In the subsequent attachment experiments. The object 
was to obtain bacteria which varied in their ability to attach to the 
glass coverslips under different nutrient conditions. This was an 
Important bacterial trait to be Investigated in subsequent attachment 
experiments. Bacteria were not selected if they changed morphology 
during attachment experiments as this would have complicated their 
identification on attachment.
3.4.2 Detachment
The results obtained from the numerous detachment experiments 
(Appendix Tables 2.1-2.24) indicate that the best detachment of the 
Gram-negative and Gram-positive bacteria was obtained with Tween 20 at 
50 ppm at 37°C at 150 rpm in a shaking incubator for 60 mins. This
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TABLE 3.1 Attachment abilities of the bacterial Isolates under 
different nutrient conditions.
BACTERIA NUTRIENT
BROTH
GLUCOSE
MEDIUS
M A O  OSE
MEDIUM
SUCROSE
MEDIUM
MORPHOLOGY
CHANGE
Acinetobacter (1) _ NO
Aclnetobacter <2) “ - - - HO
Pseudomonas (1) + + + + ++ + NO
Pseudomonas (2) +++ + ++ + NO
Pseudomonas (3> +++ +++ +++ + NO
Chromobacterium (1> +++ ++ ++ + NO
Chromobacterium <2> +++ ++ ++ + NO
Aeromonas Cl> ++ ++ ++ ++ NO
Aeromonas (2) ++ ++ ++ + NO
Coryneform ++ ++ + - NO
Flavobacterium + + + - 0 YES
Flexibacter + + ++ + + NO
Bacillus + + + + 0 YES
Staphylococcus ++ + + - NO
Klebsiella + ++ +++ + 0 YES
Enterobacter ++ + ♦ + NO
KKT
HO ATTACHKEHT 
+ 0-24* ATTACHHEHT
++ 25-59% ATTACHMENT
+++ 60-100* ATTACHMENT 
0 NO GROWTH IN MEDIUM
1. The bacteria Investigated were grown in and attached in the medium 
Indicated.
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TABLE 3.2 The detachment of selected bacteria by 50 ppm Tween 20 In 
different mBdia in a rotary incubator at 150 rpm at 37°C.
BACTERIA PBRCEITAGH OF DETACHMENT
NUTRIENT BROTH GLUCOSE MEDIUM
Pseudomonas (1) 63. 8 (4.9) 83.9 (5.3)
Chromobacterium (1> 86.4 <6. 1) 78.6 (4.3)
Aeromonas (1> 80.5 (5.6) 81.8 (5.9)
Coryneform 81.6 (6.3) 66.2 <4. 1>
Staphylococcus 55.2 (3.5) 63.6 (4.0)
1. Figures parentheses represent standard error.
2. On detachment cells were viable.
TABLE 3.3 The optimum bacterial concentrations for attachment in 
nutrient and glucose medium.
BACTERIA OPTIMUM CELL CONCENTRATION < cfu.ml >
NUTRIENT BROTH GLUCOSE MEDIUM
Pseudomonas (1) 2. 1 X 10s 2.5 X 10®
Chromobacterium (1) 1.3 X 10“ 0.8 X 10“
Aeromonas (1) 3.2 X 10® 2.8 X 10®
Coryneform 0.7 X 10“ 0.9 X 10®
Staphylococcus 4.3 X 10“ 3.2 X 1-» O ffl
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surfactant and the detachment conditions were then used on each of the
selected bacterial Isolates. The percentage of detachment observed 
varied with the bacterial species and the growth conditions used (Table 
3.2), e.g. the percentage of detachment for Pseudomonas (1) In nutrient 
broth varied from the detachment value obtained In the glucose medium. 
It was therefore necessary to obtain a separate detachment percentage 
each time a bacterium was attached under different conditions In case 
the percentage of detachment varied with the bacterium or the media 
used.
3.4.3 The Bffect of Subculture on Bacterial Attachment
The results from the subculture experiments (Tables 3.4 + 3.5) were 
expressed as proportions of the total bacteria present in the flasks. 
Differences were found in the attachment abilities of all the bacterial 
Isolates after subculture on nutrient agar and glucose agar plates. 
These differences in attachment continued until the fifth or sixth 
subculture was performed, e.g. PganrlnTnrmng (2) decreases in Its 
attachment ability after subculturing on nutrient agar or glucose agar 
plates (Tables 3.4 + 3.5). Ho statistical analysis was performed on the 
results obtained in this chapter. The different attachment experiments 
performed were to give an indication of what factors could influence 
bacterial attachment and therefore had to be controlled In subsequent 
attachment experiments.
3.4.4 The Bffect of Culture Age on Bacterial Attachment
The data obtained from the studies of the effects of culture age on 
bacterial attachment ability are variable. If the bacteria were stored 
at 4^0 In liquid media, there were changes in the attachment abilities 
of these bacteria In subsequent attachment experiments (Tables 3.6 +
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TABLE 3.4 The attachment of selected bacteria In nutrient
broth after subculture on nutrient agar.
SUBCULTURE ATTACHKEJT AFTER SUBCULTURB
Pseudomonas (2) Chromohacterlull (2) «"rnmnnas (2)
1 0.3382 (0.0268) 0. 3831 (0.0216) 0.3087 (0.0369)
2 0.1472 (0.0234) 0.1664 (0. 0255) 0.2721 (0.0306)
3 0.0528 (0.0086) 0.1184 (0.0184) 0.2147 (0.0321)
4 0.0497 (0.0062) 0.1081 (0.0096) 0.1593 (0.0112)
5 0.0518 (0.0078) 0.0984 (0.0119) 0.1310 (0.0148)
6 0.0498 (0.0049) 0. 1046 (0. 0125) 0.1294 (0. 0147)
TABLE 3.4 (Continued)
SUBCULTURB ATTACHMENT AFTER SUBCULTURE
Bacillus Enterobacter
1
2
3
4
5
6
0.0936 (0.0117)
0.0559 (0.0068) 
0.0417 (0.0046) 
0.0384 (0.0044) 
0.0371 (0.0049) 
0.0365 (0.0043)
0.0906 (0.0098) 
0.0513 (0.0063) 
0.0563 (0.0064) 
0.0531 (0.0059) 
0.0536 (0.0061) 
0.0524 (0.0060)
1. Aclnetobacter did not attach to the surfaces In any of these 
subculture experiments.
2. Figures parentheses represent standard error.
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SUBCULTURE ATTACHMENT AFTER SUBCULTURE
Pseudomonas (2) Chromabacterium (2) Aeromonas (2>
TABLE 3.5 The attachment abilities of selected bacteria after
subculture on glucose agar and attachment in glucose medium.
1 0.2831 <0. 0307) 0.1926 (0.0229) 0.2284 (0. 0198)
2 0.1269 (0.0134) 0.1317 (0.0186) 0.0962 (0.0098)
3 0.0719 <0.0077) 0.0956 (0.0105) 0.0832 (0.0091)
4 0.0518 <0.0060) 0.0935 (0.0113) 0.0846 (0.0094)
5 0.0467 (0.0053) 0.0885 (0.0094) 0.0685 (0.0072)
6 0.0443 <0.0050) 0.0869 (0.0098) 0.0705 (0.0078)
TABLE 3.5 (Continued)
SUBCULTURE ATTACHMENT AFTER SUBCULTURE
Bacillus Enterobacter
1 0.2436 (0.0245) 0.1158 (0.0127)
2 0.2015 (0.0214) 0.0768 (0.0081)
3 0.0963 (0.0112) 0.0532 (0.0059)
4 0.0428 (0.0053) 0.0204 (0.0032)
5 0. 0439 (0.0057) 0.0229 (0. 0029)
6 0.0426 (0.0050) 0.0218 (0. 0025)
1. Aclnetobacter did not attach to the surfaces In any
subculture experiments.
2. Figures In parentheses represent standard error.
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TABLE 3.6 The attachment abilities of selected bacteria after storage 
and attachment In nutrient broth.
TIME ATTACHMENT AFTER STORAGE
( VEEKS > Pseudomonas <2) Chrnaobacterlum (2) Aeromonas <2)
0 0.0526 (0.0054) 0.1250 (0.0127) 0.1387 (0. 0153)
2 0. 0647 (0.0074) 0.1067 (0.0120) 0. 1738 (0. 0172)
4 0.0636 (0.0061) 0.1572 (0.0180) 0.1834 (0. 0175)
6 0.0439 (0.0046) 0.1158 (0.0098) 0. 1737 (0. 0171)
8 0.0511 (0.0053) 0.1318 (0.0140) 0.1443 (0.0142)
TABLE 3.6 (Continued)
TIME
( VEEKS >
ATTACHMENT AFTER STORAGE 
Bacillus Enterobacter
0 0.0372 (0. 0041) 0.0538 (0.0059)
2 0.0558 (0.0062) 0.0513 (0.0050)
4 0.0339 (0.0038) 0.0627 (0.0068)
6 0.0418 (0.0046) 0.0569 (0.0064)
8 0.0426 (0.0045) 0.0597 (0.0063)
1. Acinetobater did not attach to the surfaces in any
experiments.
2. Figures In parentheses represent standard error.
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TABLE 3.7 The attachment abilities of bacteria after storage and
attachment In glucose medium.
TIKE ATTÀCHKEIT AFTER STORAGE
( VEERS ) PseutlcimnnnR (2) Chromobacterium (2) Aeranonas (2)
0
2
4
6
8
0. 0447 <0.0051) 0.0914 (0. 0095) 0.0764 (0.0071)
0. 0561 <0.0060) 0.0712 (0. 0076) 0.0883 (0.0092)
0.0329 (0.0041) 0.1034 (0. 0114) 0.0651 (0.0069)
0.0459 (0.0053) 0.0793 (0. 0086) 0.0895 (0.0092)
0. 0531 (0.0058) 0.0912 (0. 0110) 0.0652 (0. 0062)
TABLE 3.7 (Continued)
TIRE ATTACHEEET AFTER STORAGB
< VEERS > Bacillus Baterobacter
0 0.0453 (0.0048) 0.0225 (0.0030)
2 0. 0591 (0.0063) 0.0318 (0.0033)
4 0. 0437 (0.0047) 0.0275 (0.0027)
6 0.0487 (0.0052) 0.0384 (0.0041)
6 0.0454 (0.0057) 0.0301 (0.0038)
1. Acinetobacter did not attach to the surfaces in any
experiments.
2. Figures in parentheses represent standard error.
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3.7). These changes did not correspond with the length of storage, e.g. 
in nutrient broth the attachment abilities of Pseudomonas (2) and the 
Enterobacter were relatively constant over the eight week period, 
however, the attachment of Chr-ninn bacterium (2) varied over this eight 
week period. The results obtained after the bacteria were stored on 
solid media were less variable and changes in attachment with culture 
age were only observed after six or eight weeks, e.g. the Bacillus and 
Pseiuinmnnas (2) attachment ability was reduced after six weeks storage 
on nutrient agar (Tables 3.8 + 3.9).
The other main problem encountered was the contamination of agar 
plates during these storage periods, this was also observed with the 
liquid media. In order to overcome this problem, bacteria were cultured 
on nutrient agar and glucose plates using the spread plate method which 
only gave single bacterial colonies on the agar plates which were less 
prone to contamination, numerous plates for each Isolate were therefore 
produced and stored at 4°C until required. The Isolates were Inoculated 
into the required media and stock cultures were prepared. The attachment 
abilities of the bacterial isolates were Investigated to ensure they had 
not significantly changed during storage.
3.4.5 The Bffect of Bacterial Concentration on Attachment
The Isolates tested for the effects of culture concentration on 
attachment produced different optimum values for the concentration of 
bacteria which gave no increase in attachment (Table 3.3). The lowest 
optimal bacterial concentration where no change in bacterial attachment 
was observed was for the coryneforn and therefore it was Important to 
keep the bacterial concentrations below this value in future 
experiments. This was necessary so that any changes observed in
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TIKE ATTACHHBIT AFTER STORAGE
TABLE 3.8 The attachment abilities of the bacteria after storage on
nutrient agar and attachment In nutrient broth.
( WEEKS > PranrinannaR (2) Chrcaobacterlua (2)
0 0.0486 <0.0045) 0. 0976 (0.0099) 0.1275 <0.0119)
2 0.0473 <0. 0051) 0. 1049 <0.0115) 0.1247 <0.0122)
4 0.0457 (0. 0049) 0.1028 (0.0098) 0.1158 <0.0106)
6 0.0421 <0.0046) 0. 0859 (0. 0092) 0.0945 <0.0097)
8 0.0387 (0. 0039) 0.0784 <0. 0081) 0.0956 <0.0094)
TABLE 3.8 (Continued)
TIKE ATTACHKEKT AFTER STORAGE
( WEEKS > Baci H u b Entercbacter
0 0.0382 <0.0040) 0.0559 <0.0059)
2 0.0389 (0. 0038) 0.0526 (0.0054)
4 0. 0410 <0.0045) 0.0568 (0.0061)
6 0.0339 <0.0037) 0.0562 (0.0058)
8 0. 0316 <0.0035) 0. 0510 (0.0053)
1. Aclnetcbacter did not attach to the surfaces in any of these storage 
experiments.
2. Figures in parentheses represent standard error.
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TIKE ATTACHHEET AFTER STORAGE
TABLE 3.9 The attachment abilities of bacteria after storage on glucose
agar and attachment In glucose medium.
C WEEKS > Pseudomonas (2) Chromobacterium <2>
0 0.0448 <0.0042) 0.0856 (0.0095) 0.0698 (0.0069)
2 0.0453 <0.0048) 0. 0867 <0.0090) 0.0713 (0.0072)
4 0.0455 <0.0041) 0.0884 (0.0093) 0.0695 (0.0078)
6 0.0419 (0.0043) 0.0805 (0.0087) 0.0523 (0.0060)
8 0.0431 <0.0045) 0.0937 <0.0112) 0.0529 (0.0059)
TABLE 3.9 (Continued)
(
TIKE 
WEEKS >
ATTACHKEKT
Bacillus
AFTER STORAGE
Bnterobacter
0 0. 0439 (0.0048) 0.0215 (0.0026)
2 0.0426 (0.0043) 0.0241 (0.0028)
4 0. 0441 (0.0049) 0.0318 (0.0031)
6 0.0384 (0.0042) 0.0312 (0.0035)
8 0.0382 (0.0040) 0.0315 (0.0034)
1. Aclnetobacter did not attach to the surfaces In any of these storage 
experiments.
2. Figures in parentheses represent standard error.
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attachment In future experimente due to other experimental factors, 
could be detected. This optimum cell concentration varied with growth 
medium, e.g. the optimum cell concentration for Aarnmnnas (l) in 
nutrient broth was different from the value obtained in the glucose 
medium (FIGURE 3.2).
3.5 DI3CUSS10I
3.5.1 The Bacterial Cell and Attachment
The different bacterial Isolates attached differently to the glass 
coversllps with no relationship between the generic classification and 
attachment. Similar results were reported in the literature 
(Zvyagintsev, 1979) and these different attachment abilities must be due 
to the bacteria varying in other factors such as cell surface 
characteristics or In physiological activity.
Xotlle and non-motlle Isolates attached to the surfaces in these 
experiments. However, It would be wrong to conclude that motility Is not 
Important In the attachment process. In situations, within 
macroenvironments of flowing systems, the Importance of motility to 
attachment Is questionable, however, when considering microenvironments 
the presence of a hydrodynamic boundary layer could Increase the 
significance of motility In attachment with motility posslblly Involved 
In carrying the bacteria against the direction of flow to allow 
attachment to the surface (Caldwell, 1984). Piette (1990) has suggested 
that motility Indirectly helps bacterial attachment to solid surfaces by 
Increasing the number of bacteria reaching the surface In a given time. 
This phenomenon is Important if the surface is beneficial to the 
bacterium's growth, e.g. If the surface supplies nutrients for bacterial 
growth (Fletcher, 1984).
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Jtotility can also result in the bacterium arriving perpendicular to 
the surface which has been shown to be Important in the initial 
attachment process (Lawrence, 1987a). Motility can also be Important 
once the bacterium has arrived at a surface. After the bacterium has 
become reversibly attached, it must overcome the repulsion barriers 
present at the surface to become irreversibly attached (Marshall, 1974j 
Fletcher, 1984) and it is possible that motility could aid the bacterium 
in this. Reports have suggested that attachment is an active process 
facilitated by motility and therefore an increase in attachment could be 
obtained with bacterial motility (Lawrence, 1987a). It could also be due 
to motile bacteria coming randomly into contact with the surface more 
often than non-motile bacteria. There could also be other factors 
involved indicated by the fact that non-motile cells can also attach to 
the surfaces like their motile counterparts (Lawrence, 1987b>.
There have also been reports of bacteria attaching to solid surfaces 
by their polar flagella (Meadows, 1971) with the flagellum being the 
initial point of contact between the bacterium and the solid surface. 
This interaction could be due to the diameter of the flagellum being 
smaller than that of the bacterium and possibly allowing a lowering of 
the repulsion barrier between the bacterium and the solid surface 
(Rogers, 1979). This initial attachment with the flagellum may not last, 
and for irreversable attachment, the surface of the bacterium will have 
to come into contact with the solid surface (SJoblad, 1982).
As the bacterial surface Itself acts as a point of contact between 
the bacterium and the solid surface, the different cell surface 
characteristics of the bacterium could be Important in the attachment 
process. Indeed, it has been suggested that the different attachment
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levels displayed by bacteria can be attributed to their different cell 
surface characteristics (McEldowney, 1986). In these studies, different 
attachment levels were obtained due to the surface components reacting 
differently at a physlochenlcal level with the solid surface (Chapter
4 ) .
Physiological activity can also be an important bacterial factor to 
consider in attachment studies. The effect of this activity on 
attachment can again vary with the bacterial species involved and it is 
also possible the physiological activity can influence other important 
attachment factors such as cell surface characteristics. The 
physiological activity of a bacterium can itself be affected by factors 
such as growth conditions (Fletcher 1984). In all the attachment 
experiments, the cells were grown to early stationary phase, this was 
necessary as slight changes in the growth stage lead to significant 
changes in bacterial attachment (Fletcher, 1977; Zvyagintsev, 1973; 
Xinato, 1979). Feldner (1983), demonstrated that bacteria in different 
growth stages were affected differently by proteins present on the 
attachment surface. The attachment of early log phase or stationary 
phase cultures was more inhibited by proteins on the surface than other 
growth phases. Stationary phase was chosen in these attachment 
experiments as a constant state, although in practice some species of 
bacteria may have attached better or worse in other growth phases.
As the aim of subsequent experiments was to investigate attachment 
under different growth conditions such as carbon source, a brief survey 
of bacterial attachment in different carbon sources was carried out to 
select bacteria for these future experiments. The results (Table 3.1), 
indicated that the bacteria attached differently in the different carbon
65
sources as was expected from the literature (McEldowney, 1986).
Caldwell (1986), used different growth conditions to select for bacteria 
which could attach to surfaces. This procedure was not used in these 
studies as the bacteria isolated did not vary significantly in 
attachment abilities. The bacteria selected for future use were chosen 
as their attachment abilities to surfaces varied significantly. The 
bacterial morphology on attachment to surfaces was also studied. 
Bacterial cells have been shown to decrease in size during attachment 
(Caldwell, 1966; Marshall, 1980) or elongate after attachment (Lawrence, 
1987b). Bacteria which were seen to vary in cell morphology on 
attachment were not selected for subsequent experiments as these 
morphology changes could hinder bacterial identification after 
attachment.
3.5.2 Detachment
The detachment of bacteria from a surface will be influenced by the 
bacterial species present on the surface, the surface itself and the 
surfactant used (Scheraga, 1979). During these studies, the detachment 
rates were not changed by varying the pH or electrolyte concentration 
used. This was thought to be due to a strong bonding between the 
bacteria and the surface. As bacteria which are strongly attached are 
hard to detach, numerous methods of detachment have been tried.
Antimetabolites have been shown to decrease the attachment of a 
Vibrio species to surfaces. This process usually resulted in the non- 
attached bacteria being non-viable, therefore, the numbers of these non- 
attached bacteria obtained would be hard to determine (Paul, 1984). iron- 
viable non-attached bacteria were also obtained when taurolln, an non- 
antlblotlc antimicrobial agent, was used to reduce the adherence of
bacteria to surfaces. When taurolln was used in sub-minimal inhibitory 
concentrations, the adherence of E.coll and Canidlda albicans was 
reduced or prevented. To influence the attachment of a Staphylccnccns 
species, much higher concentrations of taurolln were required. This 
process resulted in the bacterial cells being unable to complete cell 
division, losing their fimbriae and becoming elongated. Due to the non- 
attached cells being non-viable and their morphology changing on 
detachment, this process again made the numbers of non-attached cells 
hard to determine. The above processes only influenced bacterial 
attachment before attachment occurs, therefore, were not suited to 
detach bacteria when they had already attached.
Golllnge (1985), suggested using monoclonal antibodies to detach 
bacteria from surfaces. Studies Indicated that the attachment of 
Bordetella pertussis was influenced by monoclonal antibodies, however, 
the detachment of these bacteria by these antibodies was not reported. 
Degradatlve enzymes such as pronase and trypsin detached some bacteria 
from surfaces, the proportion of detachment obtained however, again 
depended on the surfaces and the species used in the experiments (Corpe, 
1974b; Fletcher, 1980; Danielsson, 1977). The attachment of 
Streptococcus faecium to surfaces was seen to be reversed by the 
surfactant Tween-80 (Orstavik, 1977). Surfactants are amphiphilic 
molecules composed of a hydrophobic portion and a charged or polar 
portion. They include anionic and cationic detergents and non-ionic 
types. These surfactants have been used by other researchers in 
detachment experiments with varying degrees of success (Ball, 1986). 
These surfactants were used in these detachment experiments as at 
certain concentrations the bacteria could be detached from the surface
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Problems can 6tlll arise when these surfactants are used, because 
cell lysis has been reported to be Involved in detaching cells from 
surfaces (Corps, 1974b). Many external factors such as the length of 
time of the attachment or detachment (Fletcher, 1977) and the 
temperature at which the procedure Is performed (Berger, 1966) have been 
shown to influence attachment and possibly detachment.
3.5.3 Experimental Procedure and Attachment
Other variables also have to be controlled during the attachment 
experiments. During the purification and maintenance of bacterial 
strains, subculturing Is often employed. The results from the subculture 
experiments show this procedure can greatly affect the attachment 
ability of the bacterial species. These changes In bacterial attachment 
could be due to variations in the bacterial cell surface characteristics 
during the subculturing. Wild type strains of bacteria have been shown 
to vary in the quantity of LPS on the surface after subculture (Kikaido, 
I960). Changes in the LPS can Influence the hydrophobic or charge 
interactions a bacterium can exhibit, and therefore this could influence 
their attachment (Xagnusson, 1977). The evidence from these attachment 
experiments indicate that the changes observed in attachment ability 
became insignificant after five or six subcultures. Although the 
bacterial surface after subculture may be different from that in a 
natural environment, the use of bacterial cultures which had been 
subcultured six times was the only way to control the effects of 
subculture on the attachment of the bacterial isolates, although it is
and stl1X retain their viability, and therefore the detached bacteria
were countable.
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recognised that subculturing reduced the attachment rate for almost all 
the species tested.
The results obtained from the effects of culture age on attachment 
are variable, with changes In attachment being observed after long 
periods of storage. Reports have suggested that this could be due to 
changes In bacterial surface components such as polymers on the surface 
of the cell which could change in composition or their effectiveness 
with time (Chapter 4). Changes in bacterial attachment with culture age 
could also be related to motility with a bacterium becoming less motile 
with age (Fletcher 1977). Microscopic inspection of bacteria revealed 
that log-phase cultures had greater proportions of motile cells than 
stationary phase (Fletcher. 1977). Therefore, the reduction in motile 
cells could account for the differences in attachment obtained in these 
studies. As explained previously in this chapter, stationary phase 
cultures only were used in subsequent experiments to control this 
factor. Heeb (1982), has shown that Actinomyces viscosus could be stored 
refridgerated for months without significant deterioration in their 
ability to attach to beads. This suggests that each bacterium's 
attachment must be studied seperately under storage conditions to 
determine the changes which occur during storage.
The concentrations of bacteria used in these experiments is 
important. Experimental evidence indicates that there are optimum cell 
concentrations above which no more attachment occurs (Gordon, 1983). 
Carrie (1985) demonstrated that the changing attachment rates of 
bacteria was directly related to the bacterial concentration, providing 
that the physiological state of the bacteria remained unaltered. The 
changes in attachment with bacterial concentration were not surprising,
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with an Increasing number of bacteria there would be a greater number 
of collisions between the bacteria and the^surface. Therefore, the 
opportunities for attachment to take place would increase. Attachment 
reaches a maximum value when the surface attachment sites become fully 
saturated with bacteria and hence cannot support any more attachment. It 
is therefore important to work at bacterial concentrations and for time 
periods which prevent or do not allow this to happen. If saturation 
occurs within the time period of the experiment, then differences in 
attachment rate due to the different environmental factors being studied 
would be obscured because under all conditions maximal rates of 
bacterial attachment would have been recorded.
In many cases the surface is not fully covered with bacteria, this 
could be due to parts of the surface not being available for attachment 
(Doyle, 1982>. This could be due to the surface being conditioned in 
some adverse way (Fletcher, 1982) i.e. with molecules that inhibit 
attachment, or due to bacteria not attaching to the conditioned surface 
for some physiochemical reasons. Fletcher (1976), demonstrated that 
proteins such as fibrinogen and gelatin adsorb onto a surface inhibited 
the attachment of a Pseudomonas species. The mechanism by which these 
molecules inhibit attachment vary, depending on the macromolecules 
present. Dextrans and LPS, although largely polysaccharide in structure, 
are significantly different and so are the mechanisms by which they 
inhibit attachment. LPS can inhibit bacterial attachment to a substrata 
when LPS is added to the liquid phase with the bacterial cells or when 
LPS is adsorbed onto the substrata before attachment. The dextrans, 
however, could only inhibit attachment when added to the cells during 
attachment. This suggests different mechanisms by which attachment is
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aqueous solution, substances are quickly adsorbed onto the surface. 
Xacromolecules such as proteins, are generally Irreversibly adsorbed and 
tend to mask the original properties of the substratum. The extent to 
which these macromolecules obscure the original chemistry of the surface 
Is not clear, however, It must be considered during attachment 
experiments (Baler, 1981).
The attachment abilities of bacteria can be Influenced by this 
conditioning film at the liquid-surface Interface. The substratum charge 
can Influence the Ions or charged molecules present on the surface and 
this could Influence factors such as pH (Hattori, 1963) and the types of 
nutrients present on the surface (Marshall, 1976). If large molecules 
are absorbed onto surfaces, they could change their conformation, 
becoming more or less accessible to bacteria, and therefore could 
influence bacterial attachment to these surfaces.
Problems could also occur due to roughness on the surface (Baker,
1984). This could cause an Increase In attachment due to a larger 
surface area being present for attachment or the rough areas could 
provide a protected and more favourable area for colonisation. The 
roughness of the surface was beyond experimental control and It was 
assumed that each surface was affected in the same way. For a single 
surface like glass, this could be an acceptable assumption but It Is 
accepted that the degree of roughness between surfaces of different 
composition would be different. Results therefore have to be Interpreted 
with this In mind.
Bright (1983), demonstrated that the ratio between attached and 
free-living bacteria depended on the substratum used. In his studies,
Inhibited (Pringle, 1966). Whenever a solid surface Is lmmeresed Into an/
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bacterial activity was more Important In the initial attachment of the 
bacterium to hydrophobic surfaces than to hydrophilic ones. Moreover, 
different surfaces have been shown to follow a characteristic succession 
of microorganisms, so that the final biofllm that forms on one surface 
under controlled conditions differed from that formed on another under 
the same conditions (Marszalek, 1979: Tamplin, 1990). As the biofllm 
that develops on different surfaces varies, only one surface, glass, was 
used In subsequent experiments.
3.5.4 Physico-Chemical Properties of Substratum
The above physical substratum properties are important when 
considering attachment, however, the chemical properties of the surface 
must also be considered (Chapter 1). The surface free energy of the 
substratum is one property to be considered. The surface free energy of 
the substratum is the surface force capable of interaction with forces 
in surrounding phases. The free energy of a surface is the energy 
resulting from the surface groups, molecules or atoms, which are able to 
interact with other groups, molecules or atoms, which may approach the 
surface. The molecules within the bulk of the substratum can interact 
with the surrounding substratum molecules, however, the molecules at the 
surface of the substrata can only interact with the molecules below them 
in the bulk phase. Therefore, the molecules available for Interaction 
with other molecules would be greater at the surface, and so the free 
energy at the surface would be greater than the Interior of the surface.
The surface free energy Is an important indicator of the suitability 
of that surface for the attachment of bacteria, as surface free energy 
indicates the tendency for the substratum to enter into various types of 
interactions. Surface free energy is also a measure of the degree to
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which water can be adsorbed onto the surface. Water can enter into the
sane interactions as the surface. The interactions involved include;
(a) van der Vaals dispersion interactions, which are weak charge 
interactions resulting iron the fluctuating distribution and temporary 
spatial concentration of electrons in molecules and atoms.
<b> electrostatic interactions, between charged groups.
(c> polar interactions, between groups with permanent or Induced 
dipoles,
(d) chemical bonding, including ionic, covalent and hydrogen bonding. 
Vhen considering water and a substratum, high-energy surfaces tend to be 
hydrophilic with lower energy surfaces tending to be hydrophobic. As 
with surface free energy the hydrophilicity of the substratum can 
Influence the attachment of bacteria to that substratum (Chapter 1>.
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CHAPTER FOUR
THE EFFECT OF CARBOH SOURCE, CARBOH COICEITRATIOR, CARBOI-TO- 
HITROGEH RATIO AID TEMPERATURE 01 THE ATTACHMEHT OF BACTERIA.
4.1 AIMS
To study the effects of different carbon sources, carbon 
concentrations and carbon to nitrogen ratios on the attachment of 
bacteria grown in batch culture and continuous culture. The effect of 
temperature on the attachment of these bacteria was also investigated in 
this chapter.
4.2 IHTRODUCTIOH
Varying the growth conditions of a bacterium can greatly affect the 
attachment abilities of that bacterium (Williams. 1977). Carbon source, 
carbon concentration and the carbon-to-nitrogen ratio of a medium have 
been found to have a significant effect on the attachment abilities of 
bacteria, and these effects are also dependent on the strain of 
bacterium used in the attachment experiments (McEldowney,1986). The 
different attachment abilities observed, due to changes in the carbon 
source and the carbon-to-nitrogen ratio, were thought to be related to 
characteristics of the cell surface. It is well known that changes in 
growth conditions affect the cell surface (Fletcher, 1982j McEldowney 
1986). Therefore, changes in other growth conditions such as the 
temperature could also influence the cell surface and in return 
influence bacterial attachment.
Temperature has been shown to affect the attachment of bacteria 
(Fletcher, 1977; Stanley, 1967; Gong, 1989). Minato (1976) demonstrated 
how different species of bacteria varied in their ability to attach to 
surfaces at different temperatures. The differences observed in
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bacterial attachment abilities due to temperature were thought to be due 
to changes in the bacterial physiology or changes in the physico­
chemical interactions involved in bacterial attachment (Marshall, 1976).
The carbon and nitrogen concentrations used in the growth media are
also important, with high and low carbon concentrations bringing about
changes in the attachment abilities of bacteria. Bacteria have been
shown to attach to surfaces under low nutrient conditions and this could
\be beneficial for growth because the bacterium obtains nutrients which 
pass the surface, with no energy being expended to move the bacterium to 
the nutrients (Jannasch, 1972). If there is excess nutrients present in 
the liquid phase, the cells may not attach due to there being sufficient 
nutrients in the liquid phase for growth and attachment may not be of 
any benefit to the bacterium. This would be rare in the natural 
environment where nutrients are usually limiting. In the laboratory 
however, where continuous culture and batch techniques are used, high 
nutrient concentrations have often been used in attachment experiments 
and will therefore be considered.
4.3 MATERIALS AIL METHODS
4.3.1 Bacteria and Inoculation
Stock cultures of Aeromonas 2, Chromobacterlum 2, Staphylococcus 
species and the coryneform were set up in the media required for these 
experiments. Batch cultures were inoculated with 1ml of a stock culture 
and incubated as in Section 3.3.1 until late stationery phase was 
reached. 10ml volumes of these stock cultures were used to inoculate the 
continuous culture apparatus and these continuous culture systems were 
run at 15°C for 3 days with controlled aeration and a dilution rate of 
0.2 h . The continuous culture sample was also stirred to ensure good
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mixing of the oxygen and nutrients in the vessel (Figure 4.1). 
Continuous culture systems were run for 5 days.
4.3.2. Culture Conditions 
(A) Batch Culture
The basic medium used in these experiments was described in Section
3.3.1. The concentrations of carbon and nitrogen used in the basic 
medium in these experiments were as follows:
(1) 0. 005 8 carbon 1-' 0. 038 8 NH*CJ? 1-'
(2> 0.02 g carbon 1-’ 0. 002 8 NH„CC l->
(3) 0. 02 8 carbon 1-’ 0. 038 g NHiC£ I"’
(4) 0. 05 8 carbon 1-' 0. 38 8 NH*c£ 1-'
(5) 0.2 8 carbon 1-' 0. 02 8 m u c #  i-'
(6) 0.2 8 carbon 1-’ 0.38 8 NH-Cf 1-'
(7) 0.5 8 carbon 1"’ 3.8 8 NlUCÿ 1-'
(8) 2 8 carbon 1-’ 0.2 8 n h *c£ 1-’
(9) 2 8 carbon 1-’ 3.8 8 N1UCÉ. 1-’
The carbon sources glucose, mannose and sucrose used in these
experiments and the sterilization procedures employed were as in Section
3.3.1. These concentrations of carbon and nitrogen were chosen as 
previous bacterial attachment studies had used similar concentrations of 
carbon and nitrogen in some instances (Fletcher, 1983; JCcEldowney,
1986). The other concentrations of carbon and nitrogen were used to give 
a diverse selection of nutrient conditions which could be used to study 
their effect on bacterial attachment ability.
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(B) Continuous Culture
The continuous culture system enabled the temperature, aeration and 
dilution rate of the culture to be controlled, and hence the growth rate 
of the culture was at a steady state (FIGURE 4.1). The basic medium used 
in these experiments consisted of 54.4g KH;?PO« (Fisons, Loughborough) in 
10 litres of distilled water adjusted to pH 7.4 with 10M NaOH. This 
medium was then autoclaved at 120°C for 40mins, and then 60ml of a 
filter-sterilized salt solution (Section 3.31) was aseptically added to 
the medium. The concentrations of carbon and nitrogen used in the test 
media were as for media (4), (5) and (6) in the batch experiments
(Section 4.3.2.A) and the carbon sources used were sucrose, glucose and 
mannose (Section 3.3.1).
After inoculation and growth in the continuous culture system, a 
bacterial sample was removed from the sample bottle (Figure 4.1) and 
placed into a sterile 100ml flask. The attachment experiments were then 
performed as for batch cultures.
4.3.3 Attachment Experiments
Four surfaces (16mm diameter glass coverslip) were aseptically added 
to the batch and continuous culture samples. The attachment experiments 
were performed in the growth media that were used in these experiments. 
The flasks were then incubated at 15°C for 2 hours to allow attachment 
to occur. The surfaces were then removed and treated as in Section 3.3.1 
or Section 3.3.5 depending on the complexity of the bacterial biofilm. 
The solid surfaces in the continuous culture system were taken out after 
the system was run for 5 days and the surfaces were treated as in 
Section 3.3.5.
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(B) Continuous Culture
The continuous culture system enabled the temperature, aeration and 
dilution rate of the culture to be controlled, and hence the growth rate 
of the culture was at a steady state (FIGURE 4.1). The basic medium used 
in these experiments consisted of 54.4g KHiPO« (Fisons, Loughborough) in 
10 litres of distilled water adjusted to pH 7.4 with 10M NaOH. This 
medium was then autoclaved at 120°C for 40mins, and then 60ml of a 
filter-sterilized salt solution (Section 3.31) was aseptically added to 
the medium. The concentrations of carbon and nitrogen used in the test 
media were as for media (4), (5) and (6) in the batch experiments
(Section 4.3.2.A) and the carbon sources used were sucrose, glucose and 
mannose (Section 3.3.1).
After inoculation and growth in the continuous culture system, a 
bacterial sample was removed from the sample bottle (Figure 4.1) and 
placed into a sterile 100ml flask. The attachment experiments were then 
performed as for batch cultures.
4.3.3 Attachment Experiments
Four surfaces (16mm diameter glass coverslip) were aseptically added 
to the batch and continuous culture samples. The attachment experiments 
were performed in the growth media that were used in these experiments. 
The flasks were then Incubated at 15°C for 2 hours to allow attachment 
to occur. The surfaces were then removed and treated as in Section 3.3.1 
or Section 3.3.5 depending on the complexity of the bacterial blofllm. 
The solid surfaces in the continuous culture system were taken out after 
the system was run for 5 days and the surfaces were treated as in 
Section 3.3.5.
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4.3.4 Effect of Temperature on Bacterial Attachment Ability.
The effect of temperature on bacterial attachment in batch culture 
was examined using some of the media in Section 4.3.2. <A). The bacteria 
and media were prepared as in Section 4.3.2.(A>. However, only media 
(4), <5) and (6) with the three carbon sources glucose, mannose and
sucrose were used to study the effects of temperature on attachment. 
These media were used as they would allow comparison of the results with 
those obtained from the continuous culture attachment experiments which 
also used media (4), (5> and (6) with the three carbon sources glucose,
mannose and sucrose.
The bacteria were prepared, inoculated and incubated at 15°C in 
batch culture and continuous culture as in Section 4.3.2. CA+B). Three 
samples of each medium were prepared. The attachment experiments were 
then performed as in Section 4.3.3, however, the three flasks of each 
medium were incubated in a shaking incubator at 150 rpm at different 
temperatures during the bacterial attachment experiments. The 
temperatures chosen were 15°C, 25°C and 37°C. Once the attachment 
experimente were completed the surfaces were treated as in Section 3.3.5 
to determine the numbers of attached bacteria on the surfaces.
4.3.5 Statistical Analysis
To determine if there was a significant difference between two 
results obtained in these experiments t-tests were performed.
t = x — y-
r r  XLS«l nx + ny
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Vhere x was one attachment value and y was another. The sample sizes 
(The number of fields of view counted) nx and ny were both 25. The 
numbers of counts done to obtain x and y. S was obtained by
S = >|SD2 + SD2
Vhere SD is the standard deviation of each sample of field of view 
counts.
4.4 RESULTS
Appendix FIGURE 1 <a) and <b> gives examples of the types of 
biofilms obtained during the attachment experiments in this chapter.
4.4.1 Bacterial Attachment In Batch Culture Grown Cells.
The results indicated that growth conditions, whether batch culture 
or continuous culture, had a profound effect on the attachment of the 
bacterial species. When the bacteria were grown in batch culture 
attachment varied with the carbon source, carbon concentration and the 
carbon-to-nltrogen ratio of the medium used in the experiment. The 
different bacterial species, however, did not always show the same 
response to the varying growth conditions (FIGURE 4.2).
The carbon-to-nitrogen ratio could influence the attachment of 
bacteria but, the effects on attachment observed varied with the 
bacterial species present and the carbon source used. Aeromonas attached 
significantly more (P>0.05) in the glucose Medium (5) which was 
nitrogen-limited rather than the glucose Medium (4) which was carbon- 
limited. This was not the case, however, when a different carbon source 
was used during attachment. Vhen the sucrose medium was used, Aeromonas 
attached to a significantly greater extent (P>0.05> in the carbon- 
limited Medium (4) compared to the carbon-to-nltrogen-limited Medium (5)
(FIGURE 4.2 (a)I + <a>III>>.
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FIGURE 4.2
Attachment of (a) Aeromonas, (b) Chromobacterium in 
(I) glucose media, (II) mannose media and (III) sucrose 
media.
N.B.
(1) The media 1-9 and carbon sources are as indicated
in the text. The medium and carbon source listed were the 
growth medium and the attachment medium. 2
(2) All cultures were growth in batch culture at 15°C.
The temperature at which attachment was carried out 
was also 15°C.
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(c)II
FIGURE 4.2 (Continued)
Attachment of (c) the coryneform, (d) Staphylococcus 
in (I) glucose media, (II) mannose media and 
(III) sucrose media.
N.B.
(1) The media 1-9 and carbon sources are as indicated
in the text. The medium and carbon source listed were the 
growth medium and the attachment medium.
(2) All cultures were grown in batch culture at 15°C.
The temperature at which attachment was carried out 
was also 15^C.
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In general, Aernmnnas attachment increased with increasing carbon 
concentration. This was most noticeable with the glucose medium (FIGURE 
4.2 (a)I) but the same trend was apparent with the mannose (FIGURE 4.2 
(a>II) and sucrose media (FIGURE 4.2 (a)III). In all cases, attachment 
seemed to reach a maximum at about 0.2 g carbon l-'. Nitrogen 
concentration had little discernible effect on attachment of Aeroamas-
r.hrnmnbacterium attachment was studied in glucose Media (4) and (5). 
The attachment was significantly greater (P>0,05> in the glucose carbon- 
limited Medium (4) compared to the attachment in the glucose carbon-to- 
nitrogen limited Medium (5) (FIGURE 4.2 (b>I ). This was the opposite of 
the result obtained for Aeromonas.
In general there was no correlation between attachment of 
Chrnmnbant.Rrl in and carbon concentration although in the glucose and 
sucrose media, attachment was highest at the higher carbon 
concentrations (FIGURE 4.2 (b)I + (b)III >. However, there was more 
correlation with nitrogen content, with Chromobacterium attachment being 
higher in every case where, although the carbon concentration remained 
constant, the nitrogen concentration was increased. This was most 
apparent with the glucose medium (FIGURE 4.2 (b)I). In the mannose and 
sucrose media there was a peak of attachment at about 0.38 g NHaCL 1~' 
(FIGURE 4.2 (b>II + (b>III>. The results obtained in these pure culture 
attachment experiments were similar to those obtained by McEldowney 
(1986).
Coryneform attachment decreased as carbon concentration increased 
(FIGURE 4.2 (c)I, (c)II, and (c)III). Attachment was always highest in 
the lowest carbon concentrations and in each case plateaued at a lower 
level at concentrations above 0.2 g carbon l-1. Nitrogen concentration
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seemed to have a similar but less dramatic effect on the attachment of
the coryneform.
As with Aeromonas. Staphylococcus attachment Increased as the carbon 
concentration increased for all three carbon sources (FIGURE 4.2 (d)I, 
(d)II and (d)III). In each case at constant carbon concentration, the 
increase in nitrogen concentration also Increased attachment. This was 
not seen with Aeroaaaas.
Overall four different patterns of attachment were seen with the 
four species used. These can be summarised;
Aeromonas - Attachment increased with carbon concentration but
nitrogen concentration had no effect.
Chromobacterium - No effect for carbon concentration but increases in 
nitrogen concentration increased attachment.
The coryneform - Attachment decreased with Increased carbon 
concentration.
Staphylococcus - Attachment increased with carbon concentration and 
nitrogen concentration also had a positive effect 
on attachment.
4.4.2 Bacterial Attachment in Continuous Culture Grown Cells.
These changes in the attachment of bacteria with growth conditions 
were still apparent when the bacteria were grown in continuous culture, 
for example the coryneform attached to a greater extent in the glucose 
Medium (4) than in the mannose Medium (4) (FIGURE 4.3 (c)g and (c)m).
The carbon-to-nitroge.. ratio could still Influence attachment in 
continuous culture, for example Staphylococcus attached significantly 
better (P>0.05> in the glucose Medium (6> which was sufficient in carbon 
and nitrogen compared to attachment in Medium (5) which was nitrogen-
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limited (FIGURE 4,3 (d)g>. The results obtained however, were still 
dependent an the bacterium and the carbon source used In the attachment 
experiment.
In most cases it was observed that the bacteria grown in continuous 
culture (FIGURE 4.3 15°C> attached in similar numbers to the glass 
coverslips as the bacteria grown in batch culture (FIGURE 4.2). The only 
exception to this was the Staphv1ococcus which attached, in all but 
glucose Medium (5), to a lesser extent after continuous culture compared 
to batch culture grown cells (FIGURE 4.2 (d) and FIGURE 4.3 (d) 15°C). 
The response by a bacterium to different carbon sources when grown in 
batch or continuous culture could also be different. An example of this 
was seen when the coryneform was investigated after growth in continuous 
culture. Out of all the media used the coryneform was found to attach to 
a greater extent in glucose Media (4> and (5). When the coryneform was 
grown in batch culture in the different media, the greatest number of 
attached bacteria were observed in sucrose Media (4) and (5). Variations 
observed in the attachment of bacteria due to changes in the carbon-to- 
nitrogen ratio of the media varied depending on whether the bacteria 
were grown in batch or continuous culture. Bacteria grown in mannose 
Medium in batch culture usually attached in greater numbers in the 
carbon-limited Medium (4) (FIGURE 4.2 (a + b + c)II), compared to the 
continuous culture-grown cells which usually attached to a greater 
extent in the mannose carbon-to-nltrogen sufficient Medium 6 (FIGURE 4.3 
(m> 15°C>.
In general the conclusions reached regarding the attachment of the 
batch-grown cells in response to changing carbon and nitrogen ratios 
also apply here. The fact that the results obtained for the pure culture
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bacteria in batch culture differed from the results when the bacteria 
were grown in continuous culture, again suggests that changes in the 
growth conditions of a bacterium can influence its attachment ability
4.4.3 Effect of Temperature on the Attachment of Batch Grown Bacteria.
Vhen the four bacterial species were grown in batch culture in the 
Kedia 4, 5 and 6 with the three carbon sources glucose, mannose and 
sucrose, variations in bacterial attachment were observed when the 
attachment temperature was altered. Aeromonas demonstrated little change 
in its attachment ability between the temperatures of 15°C and 25°C 
(FIGURE 4.4 (a)). When the temperature was Increased to 37°C in every 
case Aerorannas attachment increased compared to the results obtained at 
15°C and 25°C. These results with an increase in bacterial attachment 
with an increase in temperature are similar to those reported by 
Fletcher (1977). These results, however, were influenced by the growth 
conditions as would be expected from the results in Section 4.4.1. An 
example of this can be seen when Aeromonas attachment in sucrose Media 
(5) and (6> is investigated at 15°C, 25°C and 37°C.
Aeromonas attachment in sucrose Medium (6) changes very little as the 
temperature increased. In sucrose Medium (5) however, Aeromonas 
attachment increased significantly (P>0.05> as the temperature increased 
from 25°C to 37°C.
The results for the attachment of Chromobacterlum at different 
temperatures were similar to the results obtained for Aeromonas (FIGURE
4.4 (b>). Chromobacterium demonstrated little change in attachment 
ability between temperatures of 15°C and 25°C. Vhen the temperature was 
Increased to 37°C however, there was an increase in the attachment of
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The bacteria were grown in batch culture at 15°C.
The attachments were also performed in the growth medium 
in batch at the temperatures indicated.
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Chromobacterium in all cases compared to the results obtained at 15°C 
and 25°C.
Unlike with Aeromonas and Chromobacterium cultures, the response of 
the attachment of the coryneform to the glass surfaces at different 
temperatures was more complex (FIGURE 4.4 (c>>. The coryneform 
attachment did not change when the attachment temperature was increased 
from 15°C to 25°C. When the temperature was increased to 37°C, marked 
and varied changes in the attachment of the coryneforra were observed 
(FIGURE 4.4 (c>>. In the mannose medium, the coryneform attachment 
increased as the temperature was increased from 25°C to 37°C, the extent 
of this increase was seen to vary with the carbon and nitrogen 
concentrations used and the carbon-to-nitrogen ratios. In glucose and 
sucrose media, the coryneform attachment also changed as the temperature 
was increased iron 25°C to 37°C, however, these changes in the 
coryneform attachment were influenced greatly by the different media 
used. These results suggest that the medium composition changed the cell 
surface in a more complex manner than this study examined, such that the 
effects of temperature on coryneform attachment seen here were 
artefactual and the real effects were due to changes in the cell surface 
engineered by changes in the growth conditions.
The results obtained for the attachment of Staphylococcus at 
different temperatures again demonstrated that there was little change 
in the attachment of Ktaphylncnccus as the temperature was increased 
from 15°C to 25°C (FIGURE 4.4 (d>>. The changes in attachment that did 
occur were again seen when the temperature was increased from 25°C to 
37°C. These changes again varied with the medium composition, however, 
in all the media apart from glucose Medium (4) there was a significant
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4.4.4 The Effects of Temperature on the Attachment of Continuous Culture 
Grown Cells.
The results for the attachment of bacteria in batch, after growth in 
continuous culture at different temperatures, are shown in FIGURE 4.3.
The results for Aeromonas and Chromobacterium demonstrated that the 
bacteria generally attached similarly at 15°C and 25°C although 
significant differences were sometimes seen in the attachment of the 
bacteria in different media at the different temperatures (FIGURE 4.3 
(a)and <b)). An example of this can be seen when the attachment of 
Chrnmobacterium was investigated in glucose media at 15°C and 25°C. As 
the temperature was increased from 15°C to 25°C the attachment of 
C.hrnTiinhacteri urn in glucose Medium (5) and (6) decreased significantly 
(P>0.05). In glucose Medium (4), however, the attachment of the 
r.hrmnnhartpri uni was seen to increase as the temperature was increased 
from 15°C to 25°C. These results were similar to the batch culture 
attachment experiment results (FIGURE 4.4 (a) and (b>>.
Vhen the temperature was increased to 37°C there was a decrease in 
Uprniirnias and Chrnranbacteriurn attachment in all cases compared to the 
25°C and 15°C. The extent of this attachment decrease, however, was 
still dependent on the bacterium investigated and the medium used. These 
results were the opposite to those obtained with batch culture cells, 
indicating that growth conditions can greatly influence bacterial 
attachment.
Vith the coryneform there was a significant decrease in attachment 
as the temperature increased from 15°C to 25°C and to a lesser extent
<P>0.05> decrease in the coryneform attachment as the temperature was
increased from 25°C to 37°C.
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from 25°C to 37°C (FIGURE 4.3 <c>>. These results were again different 
from those obtained with batch culture cells (FIGURE 4.4 (c)>. In batch 
culture-grown cells medium composition was thought to greatly influence 
coryneform attachment. These results Indicated that all growth 
conditions could be important in the attachment of coryneform.
Vhen the attachment of Staphylococcus was investigated a complex 
pattern of attachment was observed (FIGURE 4.3 (d) >. There was a minimum 
of attachment at 25°C in some cases (e.g mannose Media (4) and (5>>, or 
an increase in attachment with temperature (e.g mannose Media (4) and 
(5>>. This is comparable with the results seen with the bacteria grown 
in batch culture, with the growth conditions including media composition 
influencing the attachment of Staphylococcus at the different attachment 
temperatures.
4.5 DISCUSSION
4.5.1 Changes in the Bacterial Surface Characteristics with Nutrient 
Conditions.
The results for the attachment of bacteria in pure culture in media 
with different carbon source, carbon-to-nitrogen ratio, carbon 
concentration and growth rate are similar to those observed by 
McEldowney (1986). The culture conditions above were seen to influence 
the bacterial attachment to solid surfaces. Zvyagintsev (1959) 
demonstrated that the composition of the growth medium influenced the 
attachment of bacteria to surfaces. The importance of the growth medium 
was also demonstrated for a Vibrio species where attachment was 
influenced by the growth medium used (Jones, 1976). Often changes in a 
single component of the growth medium were enough to cause changes in 
the attachment of microorganisms to the surfaces used. Changing the
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carbon source or carbon concentration of a medium has been shown to 
Influence the attachment of microorganisms to surfaces (McCourtie, 1981, 
1984, 1985; Rodger, 1990). Changing the growth medium can lead to 
morphological changes In the bacterium (Ensign, 1964). This could result 
In changes to the surface characteristics of a bacterium which could in 
turn result in changes in bacterial attachment.
A method for investigating differences in bacterial cell surfaces 
was Introduced by Oss (1975) and has been used since by other 
researchers (Fletcher, 1982; McEldowney, 1986). This method involves the 
measurement of contact angles of the bacterial surface. Vhen the contact 
angles of bacteria grown on a series of different agars were 
investigated, the contact angles were seen to vary with the agar used 
and the bacterial species (Baler, 1980). These results suggested a 
possible relationship between growth conditions, attachment and the 
bacterial surface characteristics. Evidence to support this claim can be 
seen when the cell wall structure of a bacterium is irreversibly altered 
by treatment with heat or formalin. These bacteria attach less readily 
to solid surfaces than the control (untreated) cells. The attachment of 
cells killed by ultra-violet light, on the other hand, which show little 
structural change to their surface characteristics Is not affected to 
any great extent (Meadows, 1971: Fletcher, 1980).
The changes in attachment observed with the above treatments depend 
on the bacterial species present. When bacteria were treated with 
formaldehyde, a Micrococcus species increased in attachment, however, 
the attachment of a Streptococcus species did not change. The treatments 
with heat, formalin and formaldehyde, were thought to change the 
macromolecular structure of the bacterial surface. It was possible that
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a new macromolecular arrangement at the bacterial surface could 
increase or decrease bacterial attachment to a solid surface, or even 
leave the attachment of the bacteria unaffected.
The cell wall constituents of bacteria (Chapter 1) can be Influenced 
by numerous elements in the growth medium. The effects of factors such 
as carbon-to-nitrogen ratio of the medium and the carbon source of the 
medium, have been shown to be important in the attachment of bacteria to 
surfaces and can Influence the cell wall constituents of bacteria.
Polymers on the surface of bacteria have been shown to be affected 
by the carbon-to-nitrogen ratio and carbon source of the medium in which 
the bacteria were grown. The production of a polysaccharide by a 
Pseudomonas species was observed under nitrogen-limitation conditions, 
but not glucose-limitation (Williams, 1978). During these studies, the 
production of polymer in the nitrogen-limited medium could be Increased 
if phosphate and glucose were present in excess. The results obtained in 
carbon- and nitrogen-limited media vary depending on the bacterial 
species present. Jarmin (1978) demonstrated that an Azotobacter species 
produced high amounts of alginic acid under a range of limiting 
conditions. Variations were also demonstrated within bacterial groups 
with one Pseudomonas species producing large amounts of alginic acid 
only under carbon-limited conditions, while another Pseudomonas species 
produced this polysaccharide in large amounts under carbon- and 
nitrogen-limited conditions (Mion, 1978: Elwood, 1982). Pace (1980), 
demonstrated that under different growth limiting conditions, the 
quantities of rhamnose in the polysaccharide of a Xanthomonas species 
was seen to vary. These results suggest that the effects of the limiting
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The carbon source In the medium can also influence the polymer on 
the surface of the bacteria. This is probably more important in the case 
of homopolysaccharides, which need a specific carbon source for their 
formation. It is possible that the carbon source needed for the 
homopolysaccharide formation was present, however, it could not be 
utilised due to the specificty of the synthesising enzymes. The 
formation of heteropolysaccharides from utilisable carbon sources can 
vary in quantity depending on the carbon source present. Wilkinson 
(1958) demonstrated that polysaccharide production was less in high 
acetate-to-glucose medium compared to lower acetate-to-glucose medium. 
The polysaccharide produced by a Pseudomonas species did not vary with 
the carbon source but the quantity produced was seen to vary (Williams, 
1977).
The production of polymer can also be affected by growth conditions. 
These results, however, are related to the bacterial species being 
investigated. For example, a polysaccharide produced by a 
r.hrnmnhwnt.pr 1 ini species increased when an amino acid was substituted for 
ammonia as a nitrogen source (Corpe, 1964). As well as the composition 
of polymer varying with nutrient conditions, its physical relationship 
with the bacterial cell wall can also change. This was seen with a 
C.hi-nmnhacterl nm species which was grown in the presence of tryptone. The 
bacterium did not produce a polymer matrix but extruded polymer into the 
medium.
The results for the continuous culture attachment experiments 
indicate that the growth conditions such as carbon source affect
nutrient on attachment varied with the bacterial species, as was found
In these studies.
96
attachment in similar way. The dilution rates used in these experiments 
could also affect the polysaccharide quantity produced by bacteria. The 
quantity of polymer produced again varies with the bac^reria being "
studied. This was demonstrated by Eudd (1982), when K. aerngenes polymer 
production increased as the dilution rate decreased. This was not the 
case, however, when a Pseudomonas species was studied, as the same 
amount of alginic acid was produced at all growth rates.
The physical form of the polymer produced by bacteria can also be 
affected by the growth rate. K. aerogenes produces most of its polymer 
in a colloidal form at low dilution rates and this changes to most of 
the polymer being in a soluble form at higher dilution rates (Eudd,
1982). These differences can reflect changes in the structure of the 
polymer or in a change in the interaction between the polymer and the 
cell wall.
Differences in polymer production have been shown in bacteria grown 
in batch and continuous culture. K. aerogenes polymer production was 
greater in continuous culture than in batch culture (Eudd, 1982). In our 
experiments, bacteria were grown in continuous culture for 3 days. This 
could have allowed them to produce more polymer on their surfaces 
compared to the cells grown in batch culture. This might explain the 
differences observed in bacterial attachment between batch-grown and 
continuous-culture grown bacteria.
4.5.2 Nutrient Source and Effects an Developing Biofilms
Vhen the influence of nutrient conditions on the attachment of 
bacteria are investigated, it is possible that the nutrients present 
could influence bacterial attachment without changing the bacterial
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surface directly. The attachment rate of a Pseudomonas species did not 
change when the glucose concentration was between 100-1000 mg 1” '. 
(Lawrence, 1987a). Other researchers, however, have reported glucose 
inhibiting Pseudomonas attachment in concentrations in excess of 14 mg 
1“' (Marshall, 1976). The different effects of glucose on the attachment 
of Pseudomonas could be explained by different experimental procedures 
being employed, as was discussed in Chapter 3 or by different species of 
Pseudomonas attaching differently in different media, as was seen in 
Table 3.1. Caldwell (1986) has demonstrated that the growth of bacteria 
on surfaces is flow-dependent at low carbon concentrations and flow- 
independent at high carbon concentrations. It was suggested that in the 
absence of laminar flow velocities, the surface could be substrate 
depleted and this would affect bacterial attachment. This would be 
unlikely to be important in these laboratory studies as the bacterial 
attachment was performed in batch, however, this could be important 
under other growth conditions.
The different nutrients present in the aquatic environment could 
also influence the bacterial biofilm that developed. When a carbon 
source enters an aquatic system, the rate at which it is utilised, was 
found to be influenced by the previous dissolved organic carbon compound 
and its concentration. The organisms present would therefore, be adapted 
to utilising the nutrients already in the system, and if a new nutrient 
was introduced into the system the organism best suited to utilising 
this nutrient would eventually dominate (Tranvik, 1987). This could lead 
to a new population developing which would result in new biofilms 
developing on the surfaces in this system. This could be of importance 
in the model system attachment experiments, Chapter 7.
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Different nutrients also cause bacteria to react differently 
metabolically. Amino acids have been found to be taken up more rapidly 
by attached bacteria and glucose more rapidly by free-living bacteria 
(Fletcher, 1982). A substrate-specific response was noted here with 
amino acids producing more active bacteria and glucose leading to 
increased activity per bacterial cell. Vhen considering attached 
bacteria, this could account for different blofilms developing in 
different media with more or less bacteria being present on the. surface, 
depending on the nutrient used.
Many molecules could be used by bacteria as potential nutrient 
sources. In such cases these molecules could influence bacterial 
attachment to surfaces. Meadows, (1971) demonstrated that the attachment 
of .anil and Pseudomonas was affected by proteins in the growth 
medium. Casein, for example, promoted the attachment of both these 
bacteria to the solid surfaces. Proteins, however, can cause bacteria to 
attach differently when in the growth media. In Meadows' experiments, 
gelatin was found to increase the attachment of the Pseudnnnnas to the 
solid surface, but not to affect the attachment of the E. on)1 to the 
surface. Bacteria are known to vary in the uptake methods used for 
proteins (Geesey, 1981). It could be that the way a protein influences 
bacterial attachment could be related to the uptake mechanism or lack of 
uptake mechanism in the bacteria being investigated. Proteins could also 
be involved in conditioning films which are known to Influence bacterial 
attachment (Chapter 1>.
The attachment of bacteria to solid surfaces can also be Influenced 
by alcohols (Fletcher, 1983). If bacteria are attached in the presence 
of alcohols changes in bacterial attachment occurs. Vhen bacteria are
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pre-incubated with alcohols changes in bacterial attachment again occur. 
These changes in bacterial attachment were thought to be related to 
bacterial respiration rates.
The effects of different nutrient conditions on biofilnts will depend 
on the biofilm being investigated. Burkholder (1990) demonstrated that 
microorganisms present in the hidden layers of a blofilm were relatively 
isolated from the water column nutrient source. It was suggested that 
the loosely attached microorganisms took up the bulk of the nutrients. 
These results suggest that the attachment of loosely attached bacteria 
would be more likely to be influenced by changing nutrient conditions 
than bacteria which are already part of the biofilm.
5.5.3 Temperature and Attachment.
Vhen pure cultures of bacteria were used in attachment experiments, 
they varied in their attachment abilities between 15°C and 37°C. Changes 
in bacterial attachment due to temperature were also linked to changes 
in the media composition as was expected from the later discussions. The 
importance of temperature to bacterial attachment was indicated by 
experiments performed by Pedros (1983), Pederson <1982) and Rodger 
<1990). In these experiments, bacterial attachment to surfaces in the 
natural aquatic environment varied in the winter and summer months. The 
reason for this was thought to be related to changes in the water 
temperature. Variation in bacterial attachment has been reported by 
numerous researchers. Fletcher (1977) demonstrated that a Pseudomonas 
species Increased its adhesion to a solid surface when the temperature 
was Increased. Streptococcus faeclum also increased its attachment when 
the temperature of the medium was increased, with attachment reaching an 
optimum, and then the numbers of attached bacteria fell as the
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temperature was increased further. The results here Indicate a maximum 
temperature range for each bacterium investigated as has been found 
elsewhere (Orstavik, 1977).
Vhen a range of bacterial species and strains were investigated they 
were found to vary in their attachment to surfaces at different 
temperatures. It was suggested that different attachment mechanisms were 
being employed by these bacteria and this would account for the 
different attachment values obtained for the attachment of pure cultures 
of bacteria at different temperatures (Kinato, 1976). The changes in 
attachment due to media composition are again thought to be related to 
changes in the bacterial surface structure. This was discussed in detail 
in Sections 4.5.1 and 4.5.2.
Further explanations for the effects of temperature on bacterial 
attachment are complicated, and involve changes in bacterial physiology, 
and also changes in the physico-chemical attachment interactions. 
Temperature can affect bacterial physiology as it can Influence the 
rates of enzyme-controlled reaction rates. Factors such as cellular 
metabolism will vary with temperature. As the temperature Increases, the 
cellular metabolism will increase as the temperature increases up to 
40°C, as the optimum temperature for respiratory chain enzymes is around 
40°C regardless of the bacterial species.
Physico-chemical parameters of adhesion are also important when 
considering the effects of temperature on attachment. Brownian motion is 
related to temperature and if bacteria are regarded as colloidal size 
particles then the bacteria will be in kinetic equilibrium with the 
molecules of the surrounding medium. This will mean that temperature 
changes in the surrounding medium will lead to changes in the Brownian
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motion exhibited by the bacteria (Marshall, 1976). Vhen the temperature 
of the surrounding medium is increased, there is a decrease in the 
medium viscosity which will lead to an increase in Brownian motion. This 
will lead to an increase in the probability of bacteria coming into 
contact with the solid substratum due to the increase in the random 
motion of the bacteria. In our experiments, in batch culture, the 
response of the coryneform attachment to increases in temperature does 
not suggest Brownian motion is Involved, as the coryneform attachment, 
in some cases decreases as the temperature Increases. This indicates 
that there must be other factors which are involved when temperature 
influences attachment. This has already been suggested as media 
compostion influences the attaihcWent of bacteria at different 
temperatures. These results suggest that the effects of temperature on 
attachment do not involve Brownian motion, however, this could be 
important under other unknown circumstances. During our experiments the 
attachment of Aeromonas and Chromobacterium decreased as the temperature 
was decreased from 37°C to 25°C. This would fit in with the Brownian 
motion theory as the viscosity of the medium would increase as the 
temperature decreased so the bacteria would not come into contact with 
the surface as frequently. In this case, Brownian motion could be seen 
as influencing the bacterial attachment to solid surfaces.
If the bacteria use an adhesive to attach to the surfaces the 
viscosity of the adhesive could change with temperature and this would 
affect the attachment of the bacteria to surfaces. Temperature could 
also influence the balance between physical and chemical adsorption.
This system is very complex and depends on whether the adsorption 
process is endothermic or exothermic (Kipling, 1965).
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Research has shown that low temperatures are best for physical 
adsorption while higher temperatures favour chemiosorption. Physical 
adsorption increases at higher temperatures due to hydrophobic bonding 
and other non-specific attractive forces such as London-van der Vaals 
forces or electrostatic bonding (Shaw, 1970; Ben-Nain, 1980). 
Chemiosorption is a stronger more selective interaction and it is 
doubtful if these interactions are involved in bacterial attachment.
This indicates that physical adsorption is most relevant when 
considering bacterial attachment.
Physical adsorption will again involve the cell surface, and 
changing the temperature of the surrounding liquid phase could alter the 
cell surface configuration and this could increase or decrease the 
attachment to a surface. Other considerations must also be taken into 
account as the effect of temperature on attachment cannot always be 
explained by these parameters. A good example of this is that if 
hydrophobic interactions are favoured by a increase in temperature, then 
it would be expected that a Flexlbacterium species with hydrophobic 
poles would increase its attachment to a surface with an increase in 
temperature. This is not the case so other factors must be involved in 
the attachment of the bacterium to the surface (Ben-Nain, 1980).
The importance of polymeric material in the attachment of bacteria 
to solid surfaces has already been discussed (Chapter 1). Fyfe (1986) 
demonstrated that temperature could affect the amount of extracellular 
material produced by bacteria. Fyfe (1987) also demonstrated that the 
temperature of water could influence the extracellular compounds 
produced by bacteria. Polymers have also been shown to decrease in their 
adhesive strengh with an increase in temperature. This is due to changes
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in the viscosity of the polymers (Stanley, 1967). This will be of most 
importance in bacteria which use polymeric material for attachment. 
Temperature, however, is not always detrimental to bacterial 
extracellular proteins. Kang (1981) demonstrated that polysaccharides 
could withstand high changes in temperature. Temperature has also been 
shown not to influence the production of polymer by bacteria (Fletcher, 
1972). These results do indicate the effects of temperature on bacterial 
extracellular material is complicated.
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CHAPTER FIVE
EFFECT OF pH AID ELECTROLYTE TYPE AID COICBITRATIOI OI 
THE ATTACHJtBIT OF BACTERIA.
5.1 AIK
To study the effect of varying the pH and the electrolyte 
concentration in the attachment medium on the attachment of bacteria.
5.2 IITRODDCTIOI
pH has been shown to influence the attachment of pure cultures of 
bacteria to surfaces. Bacteria have been reported to attach more readily 
at low pH (Stanley, 1967; Hwa 1984), but different bacterial species 
demonstrated a different pH optima for attachment. In this study, the 
influence of pH on the attachment of pure cultures of bacteria was 
investigated.
As discussed in Chapter 4 bacterial attachment is influenced greatly 
by physico-chemical phenomena. Harden (1953) demonstrated that, at 
normal physiological pH's, bacteria have a predominantly negative 
charge. Therefore, the net effect of positively charged surfaces coming 
into contact with the bacterial surface would be attractive and 
negatively charged surfaces would be involved in repulsive interactions. 
Due to this phenomenon, bacterial cells tend to attract cations and 
repel anions. It is therefore cations which form a diffuse layer near 
the surface called the diffuse electrical double-layer. The electrolyte 
concentration of the surrounding medium and the valency of the 
electrolyte used can influence the thickness of the diffuse electrical 
double-layer. If the electrolyte concentration and/or electrolyte 
valency is Increased the diffuse electrical double-layer becomes more 
compact with the net result of being the thickness of the double-layer
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K = 0.327. Zc1*. 10s.
where Z is the valency and c the molar concentration of the electrolyte 
(Shaw, 1970) .
According to the DLVO theory, the potential energy of interaction 
between two approaching particles (bacterium and the surface) is 
estimated by the electrical repulsion energies in their overlapping 
electrical double-layers and by the attraction energies of van der Vaals 
forces. This results in the balance between two forces varying with the 
concentration and valency of the electrolyte present, and the 
interparticulate distance between the particles. Although Van der Waals 
forces are unaltered by changes, in the type or concentration of 
electrolyte repulsion energies between particles vary with the 
electrical double-layer. Low electrolyte concentrations and/or low 
electrolyte valency result in large l/K values which do not promote 
particle interaction. FIGURE 5.1 demonstrates how at high l/K there is a 
net attraction close to the surface, the primary minimum. The repulsion 
energy at a greater distance from the surface here is very large and 
maybe to large for the bacteria approaching the surface to overcome.
This would not promote particle interaction and therefore not promote 
bacterial attachment to the surface.
At high electrolyte concentrations and/or high electrolyte valency 
however the l/K value is lower and promotes particle Interaction. At 
small l/K another point of attraction develops the secondary mlminum 
(FIGURE 5.2). As discussed in the introduction the reversible stage of 
bacterial attachment is thought to occur at the secondary minimum
decreases. The diffuse electrical double-layer thickness (l/K) can be
calculated for symmetrical electrolytes in aqueous solutions as:
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(Marshall, 1971). Therefore, as the values of 1/K can influence the 
primary and secondary minima, 1/K could Influence the attachment of 
bacteria to surfaces. This theory allows us to investigate how the 
attachment of pure culture bacteria varies with different 1/K values.
5.3 MATERIALS AMD METHODS
5.3.1 Bacteria and Inoculation
The bacterial species studied in these attachment experiments were 
Aeromonas. Staphylococcus and the coryneform. These bacteria were chosen 
as they had demonstrated different attachment abilities in the previous 
attachment experiments (Chapter 4). The experimental procedure outlined 
in Section 3.3.1 was followed to prepare stock cultures of these 
bacteria. 1ml of each stock culture was used to inoculate the 100ml 
batch cultures used to grow the bacterial cells required.
5.3.2 pH and Attachment
The importance of pH on attachment was studied after the bacteria 
had been grown in batch culture in glucose Medium (6) at 15°C as 
described in Section 4.3.2. Apromnnas. coryneform and Staphylococcus 
used in these experiments were grown in glucose Medium (6) until late 
stationary phase. The bacteria were harvested by centrifugation at 
11,000 av.g for 15 mins. The bacterial cells were washed twice in 0.01M 
Hepes buffer (pH 7,4> and resuspended in 100ml of a mixed buffer system 
adjusted to pH's ranging from pH 4.0 to pH 9.0, to an optical density of 
0. 1 at 540 nm.
The mixed buffer system consisted of 0.9 g 3,3-dlmethylglutarlc acid 
purlss (KOCH-Light Laboratories Ltd, Bucks), 1.95 g MES (2(N- 
morphollno)ethanesulfonlc acid), 1.9 g ADA (H-(2-Acetamido)- 
Iminodiacetic acid), 2.38 g HEPES (M-2-Hydroxyethyl-piperazlne-M-2-
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ethanesulfonic acid) and 1.58 g TRIZMA HCL (Tris(hydroxymethyl 
ami nomethane hydrochloride) (all Sigma , Poole) in 900 ml of distilled 
water. The pH of the buffer was then adjusted to the required pH with 1M 
HCL or IK NaOH, and the volume adjusted to 1000 ml (May and Baker Ltd, 
London).
Once the bacterial cells had been resuspended, they were incubated 
in a shaking incubator at 150 rpm at 15°C for 10 mins, to stabilise 
them to their new conditions. The glass surfaces were aseptically added 
to the flasks and the attachment experiments were performed as in 
Section 4.3.2, the only exception being that the glass surfaces were 
washed after attachment with sterile mixed buffer system at the 
attachment pH instead of the phosphate buffer used in these experiments.
5.3.3 Blectrolyte Type and Concentration and Attachment.
In these experiments the same bacterial species described in Section
5.3.2 were used. The bacteria were grown in Medium (6) in batch culture. 
The 100 ml flasks were incubated in a shaking incubator at 15°C. Once 
late stationary phase was reached, the cells were harvested and washed 
as in Section 5.3.2. The bacteria were resuspended to an optical density 
of 0.1 at 540 nm in a series of electrolyte solutions in 0. 01M Hepes at 
pH 7.4. The electrolyte concentrations used were 0M (control), 0.01M and 
0.1M HaCl, 0. 01K and 0. 1M MgCla and 0. 1M AlCla.
The resuspended bacteria were incubated in a shaking incubator at 
150 rpm at 15°C for 10 mins to stabilise the bacteria to the new 
conditions. Glass surfaces were aseptically added to the flasks and the 
attachment experiments were performed as in Section 5.3.2, the only 
exception being that the surfaces were washed in 0.01M Hepes pH 7.4, 
Instead of the phosphate buffer after attachment.
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5.4 RESULTS
5.4.1 The Effects of pH on the Attachment of Bacteria
The bacteria used in the pH attachment experiments were Aerniunnas 3 . 
the coryneform and Staphylococcus. The results for the attachment of 
these bacteria over a range of pH's can be seen in FIGURE 5.3. Aernmnnas 
showed optimum attachment between pH 7.5 and pH 8.0. The coryneforn 
showed optimum attachment at pH 6.5. Staphv1ncncnns showed optimum 
attachment at pH 6.0.
These results demonstrate that different species have different 
reactions to pH variations, with attachment being optimum at different 
pH values. The coryneform was able to attach over the whole pH range, 
but Staphylococcus could not attach below pH 4.5 or above pH 8.5 and 
Aernmnnns could not attach below pH 5.0. This again demonstrates that 
different species react differently over a pH range. The results 
obtained by Daniel (1980) suggested that the optimum pH for the 
attachment of bacteria was between pH 3 and pH 6. The results here do 
not agree with these findings with the best pH for attachment being 
between pH 6 and pH 8.
5.4.2 Blectrlcal Double-Layer Thickness (l/K) and Attachment
The electrical double-layer thickness <1/K) was calculated using the 
equation in Section 5.2.1. The effect of 1/K on attachment of the three 
bacterial species Aeromonas 2. the coryneform and Staphv1ococcns is 
shown in FIGURE 5.4. Compared to the control, Aerorannas attached 
significantly (P>0.05) more when the 1/K was 0.3. This was expected due 
to the 1/K being small due to the high electrolyte concentration and 
high valency, When 1/K was 1.5, the attachment of Aeromonas was 
significantly <P>0.05) lower than the control value. The other 1/K
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FIGURE 5.3
The attachment of (a) Aeromonas. (b) the coryneform 
and (c) Staphylococcus in a mixed buffer system.
N.B. - The buffer system was adjusted to a pH range of 
4.0 to 9.0. The attachments were performed in 
this buffer system in a shaking incubator at 
15°C.
The bacteria were first grown in batch in 
Medium 6 at 15°C, harvested and resuspended 
in the above buffer system.
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Salt present in attachment solution
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0.4
(a) T
0.3i
7 T T0.2 T
T
0.1
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1/K (nM)
FIGURE 5.4
The effect of the electrical double-layer thickness 
on the attachment of (a) Aeromonas. (b) the coryneform
and (c) Staphylococcus.
N.B.- The bacteria were attached in solutions with
different electrolyte types and concentrations. 
These solutions were incubated in a shaking 
incubator at 15®C.
The bacteria were first grown in batch culture 
in Medium 6 at 15 C, harvested and resuspended 
in the solutions containing electrolytes.
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values when compared to the control did not appear to influence 
Aeromonas attachment (FIGURE 5.4 (a>>. These results were not expected 
as the different 1/K values were thought to influence the attachment of 
Aeromonas. FIGURE 5.4 <b> shows the effect of 1/K on the attachment of 
the coryneform. Compared to the control, the attachment of the 
coryneform is significantly (P>0.05) decreased at all 1/K values. These 
results were not those expected with changing 1/K values. The results 
for the attachment of Staphvlococcus are shown in FIGURE 5.4 <c). 
Compared to the control value, the attachment of Staphylococcus did not 
vary significantly when the 1/K value was 3.1 or 0.3 but there was a 
significant difference between these values.
The results for the attachment of these bacteria at different 1/K 
values suggest that 1/K could influence bacterial attachment as in the 
case of Aeromonas at 1/K value 0.3. In most cases, however, the results 
were hard to interpret and suggested other factors were also influencing 
bacterial attachment in these experiments. The results in Chapter 4 have 
shown that different attachment media can influence bacterial 
attachment. In these experiments different salts were present in the 
attachment solutions and it is possible that these different salts 
influence bacterial attachment.
Vhen the A1 salt was present in the attachment solution both 
Aeromonas and Staphylococcus attached better in this solution than in 
the control solution. However, this is also the solution with the lowest 
1/K value which was expected to provide the best attachment results. The 
attachment results with the Mg salt present suggested that either the Mg 
salt or the 1/K was decreasing the attachment of the bacteria in most 
cases. The attachment solutions with the Mg salt present showed that in
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each case attachment was greater when the 1/K value was at Its lowest, 
which agrees with Shaw's (1970) ideas. The results when a Na salt was 
present in the attachment media were the opposite of those obtained with 
the Mg salt. In each case the attachment of bacteria was greater in the 
solution with the greater 1/K. These results suggest that the attachment 
of bacteria in the presence of different electrolyte types at different 
concentrations is too complex for these experiments to help us 
understand fully what is happening.
5.5 DISCUSSIOM
5.5.1 pH and Attachment
The attachment of bacteria has been shown to be influenced by pH by 
numerous researchers. Daniels (1980) demonstrated that bacteria attached 
strongest to a variety of surfaces in the range pH 3 to pH 6. The 
attachment of bacteria to starch was found to vary over a range of pH's. 
Maximum attachment was found between pH 6 to pH 7, with attachment 
declining up to pH 10 when only 4% of the bacterial cells were attaching 
(Minato, 1976). In contrast to the above studies, Strenstrom (1989) 
demonstrated that the alteration of pH between 4 and 9 did not influence 
the attachment of a Salmone/l"¡species. pH has been found to Influence - 
the solid substratum to which the bacteria attach. The potential of a 
solid surface to take part in attachment reactions can change due to 
alterations in the surface related to pH. pH will lead to dissociation 
and therefore changes in the double layer of the surfaces. These effects 
will change with the surface being considered and will Influence 
physical and chemical interactions.
If the pH at the surface differs from the pH of the liquid phase, it 
is possible that the adsorption of H* would occur at the Interface and
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this would result in changes in the surface charge. These changes in 
surface charge could influence bacterial physiological processes with pH 
optima CHattori, 1961). Researchers have shown that the growth of 
bacteria is possible over a range of pH (McEldowney, 1976). This could 
indicate that physiological activity had little effect on attachment. 
During growth at the different pH's, it is possible that changes in the 
bacteria themselves occured. Changes in the surface of a bacterium due 
to pH could possibly influence the attachment of that bacterium.
Changes in the bacterial cell surface characteristics with pH have 
been well demonstrated (Plummer, 1961: Marshall, 1967; Marshall, 1973). 
The electrophoretic mobility of bacteria has been shown to change with 
pH. This is thought to be due to different proportions of ionogenic 
groups on the bacterial surface and their different dissociation points 
(Marshall, 1967).
Ionization of carboxyl groups which occur at alkaline pH's will 
confer a negative charge onto the bacterial cell and the Ionization of 
amino acids at acidic conditions will confer a positive charge onto the 
bacterial cell. These suggest that the charge on the bacterial surface 
could change at different pH's. The proportions of carboxyl groups and 
amino acids on the bacterial surface can alter with the growth rate and 
growth conditions as was discussed in Chapter 4. It is not unexpected 
that changes in these groups result in changes in bacterial attachment. 
The lower the pH the more positive groups have been found on the 
surface, as the pH rises the number of groups with negative charges 
Increases. Burns (1979) has suggested that the isoelectric point for 
most bacteria is pH 2 to pH 3, below which bacteria will be positively 
charged.
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These systems don't often work in practice. This was demonstrated by 
Fletcher (1976) who used polystyrene surfaces which are mostly 
negatively charged and bacteria would be expected to attach in greater 
numbers at lower pH's where the majority of the base groups would be 
ionised, however, this was not the case. Changes in the surface 
characteristics caused by changes in pH could affect other phenomena 
such as the electric double layer thickness which could Influence 
attachment directly. The pH of the liquid phase could also change the 
three-dimensional configuration of the bacterial surface molecules.
This would occur if the ionisation of groups within the molecule was 
changed. If groups available for attachment were altered, this could 
result in an increase or decrease in bacterial attachment, depending on 
the balance of positively and negatively charged groups on the solid 
surface. Fontana (1979) found that the morphology of a K1ebslel 1 a 
species changed from cocci to bacilli at different pH's. Such changes in 
morphology could influence attachment.
pH has been reported to influence the bacterial surface in other 
ways. Different pH values can prevent the formation of primary polymer 
on a bacterial surface. If this polymer is important for bacterial 
attachment, the attachment of the bacterium concerned must be affected 
(Bush, 1968). The growth of bacteria on the walls of continuous culture 
vessels was shown to be due to polymer produced by these bacteria. pH 
was found to influence this wall growth and this was thought to be done 
by preventing the polymer concerned being produced or influencing the 
bacteria in some other way (Vllklnson, 1974; Atkinson, 1974). pH has 
also been shown to influence other attachment mechanisms of bacteria 
other than polymer. Corynebacterlum renale attaches due to pill and the
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attachment of this bacterium was found to be pH dependent. These studies 
indicate that pH can influence bacterial attachment in numerous ways.
5.5.2 Electric Double-Layer Thickness and Attachment
Marshall <1971) demonstrated that the attachment of a PsaurinmnnaR to 
a glass surface did not take place if the 1/K value was 20 nm. At this 
value there was total repulsion between the Pseudomonas and the surface. 
As the 1/K value decreased the Pseudomonas was seen to Increase in its 
reversible attachment levels to the surface. Therefore, the Pseudomonas 
was thought to be held at the secondary minimum (FIGURE 5.2). The 
importance of 1/K on the irreversible attachment of the Pseudomonas was 
unclear, the kinetic energy produced by the motility of the bacterium 
was insufficient to overcome the repulsion barrier between the primary 
and secondary minimum. The results obtained in these studies suggest 
that 1/K is not the prime factor involved in the permanent attachment of 
bacteria to surfaces. The 1/K was seen to increase or decrease bacterial 
attachment, depending on the electrolyte type and concentration also 
depending on the bacterial species present. Indeed, this was suggested 
by Vanhaecke (1990) who suggested that the Influence of electrolytes on 
the attachment of bacteria to surfaces was dependent on the bacterial 
species being investigated.
Gingell C1978), demonstrated how cells attached better at high 
electrolyte concentrations (low 1/K). He suggested that the high 
electrolyte concentration enabled the bacteria to make contact with the 
primary minimum. This may have been the case in these experiments but 
electrolytes could Influence bacterial attachment to surfaces in other 
way6. Rutter and Abbott (1978) demonstrated that the solid surface used 
in the attachment experiments could also influence the results obtained.
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They demonstrated that the attachment of a Streptococcus increased to a 
rotary disc at ionic strenghs 0.03 to 0.1M, above this a reduction in 
Streptococcus attachment was observed. If a polystyrene surface was 
used, a reduction in bacterial attachment was observed when the 
electrolyte concentration was above 0.05M. These studies also 
demonstrated that the effects of electrolytes on bacterial attachment 
also depended on the bacterial species investigated with different 
bacterial species reacting to electrolytes differently. This was also 
observed with the results obtained in these studies.
The lack of cations in a growth medium have been shown to slow down 
the growth of bacteria and make the cell wall more fragile (Fontana, 
1979). These electrolytes could affect bacterial physiology, Na~ and 
Mg*^ are both involved in specific physiological activities. Changes in 
bacterial physiological activities can lead to changes in the bacterial 
cell surface characteristics, which could influence bacterial attachment 
(Chapter 4). If electrolytes become involved with electrostatic 
interactions with molecules on the bacterial surface, this could affect 
the short range interactions between the bacterium and the surface 
(Chapter 1). This would have an effect on the permanent attachment of 
the bacterium to the surface.
Evidence is also available to suggest electrolytes can effect the 
stereochemistry of the bacterial surface. The changes in the attachment 
of a Streptococcus species, due to the presence of electrolytes, were 
thought to be due to changes in the polymer coat of the bacterium or due 
to changes in the charge density of the polymer coat, due to the 
electrolytes (Rutter, 1978). Studies involving Pseudomonas demonstrated 
that an increase in cation concentration caused a progressive decrease
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Fletcher (1980) also demonstrated a Pseudomonas' s adhesive 
polysaccharide interacting with Al3- to reduce bacterial attachment. The 
effects of electrolytes on bacterial polymers could influence bacterial 
attachment as polmers can be important in the attachment of bacteria to 
surfaces (Chapter 1).
The importance of 1/K on the attachment of bacteria is complex and 
will be influenced by factors such as the electrolyte and bacterial 
species present. Chapter 1 discussed the importance of long range and 
short range forces on the reversible and irreversible attachment of 
bacteria to surfaces. 1/K is a long range force which could be important 
in increasing the potential of bacteria attaching irreversibly by 
increasing the number of bacteria close to the surface. The number of 
bacteria in close proximity to the surface can be Influenced by many 
factors already discussed (Chapters 3 and 4). Therefore, short range 
interactions could be the forces of most importance to irreversible 
attachment e.g. ionic and hydrophobic (Chapter 1), and the importance of 
other forces will depend on the bacterium which is attaching and the 
environmental and nutritional conditions present during attachment.
in microbial attachment. This was not due to changes in the 1/K but due
to the cations interacting with the bacterium's acidic polysaccharide
and causing a decrease in bacterial attachment (Fletcher, 1979).
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CHAPTEE S U
ÀTTACHKEIT OF A BACTERIUM VHKH II A MIXED SUSPEMSIOM VITH AMOTHER
BACTERIUM.
6.1 AINS
To study the attachment of the bacteria used In Chapters 4 and 5 
when in mixed suspensions with one other bacterium. The attachment of 
these bacteria were investigated under the same nutritional and 
environmental parameters used in Chapters 4 and 5.
6.2 INTRODUCTION
As attachment abilities of bacteria have been shown to vary with the 
growth conditions (Chapters 4 and 5), if two or more bacteria are 
present in the attachment medium, changing the growth conditions during 
attachment could alter the relative levels of bacterial species 
attaching to the solid surface. This could result in the bacterial 
composition of a biofilm changing if the growth conditions present 
during attachment were altered.
Little if any research has taken place on the effect of growth 
conditions on the attachment of bacteria in mixed suspensions. In these 
studies attachment experiments were performed under the different growth 
conditions used in Chapters 4 and 5 to examine if the bacteria in mixed 
suspensions attached in similar proportions as bacteria attached in pure 
culture. The influence of the growth conditions on the resultant 
attached bacteria were also investigated to see if changing growth 
conditions can influence which bacterium in mixed suspensions became 
dominant on a surface.
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CHAPTER S U
ATTACHMENT OF A BACTERIUM VHEH II A MIXED SUSPEISIOI WITH ANOTHER
BACTERIUM.
6.1 AIMS
To study the attachment of the bacteria used in Chapters 4 and 5 
when in mixed suspensions with one other bacterium. The attachment of 
these bacteria were investigated under the same nutritional and 
environmental parameters used in Chapters 4 and 5.
6.2 IHTRODUCTIOI
As attachment abilities of bacteria have been shown to vary with the 
growth conditions (Chapters 4 and 5), if two or more bacteria are 
present in the attachment medium, changing the growth conditions during 
attachment could alter the relative levels of bacterial species 
attaching to the solid surface. This could result in the bacterial 
composition of a biofilm changing if the growth conditions present 
during attachment were altered.
Little if any research has taken place on the effect of growth 
conditions on the attachment of bacteria in mixed suspensions. In these 
studies attachment experiments were performed under the different growth 
conditions used in Chapters 4 and 5 to examine if the bacteria in mixed 
suspensions attached in similar proportions as bacteria attached in pure 
culture. The influence of the growth conditions on the resultant 
attached bacteria were also investigated to see if changing growth 
conditions can influence which bacterium in mixed suspensions became 
dominant on a surface.
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6.3 MATERIALS AMD METHODS
6.3.1 Bacteria and Inoculation
The stock cultures of Aeromonas. r.hrnmnhacterlum. the coryneform and 
Staphylococcus prepared in Sections 4.3.1 and 5.3.1 were used In these 
experiments. Batch cultures were Inoculated with 1ml of a stock culture 
and Incubated as In Section 3.3.1. 10ml volumes of these stock cultures 
were used to Inoculate the continuous culture apparatus and these 
continuous culture systems were run as in Section 4.3.1.
6.3.2 The Effect of Carbon Source, Carbon Concentration and Carbon-to­
ll trogen Ratio on the Attachment of Bacteria In Mixed Suspensions.
Aeromonas. Chromobacterlum. the coryneform and Staphylococcus were 
grown in batch culture and continuous culture in the different media 
outlined in Section 4.3.2. In the case of the bacteria grown in 
continuous culture a bacterial sample was first removed from the 
continuous culture apparatus and placed in a sterile 100ml flask.
The number of bacteria present in these 100ml flasks was estimated 
in Section 3.3.3, hence, approximately equal numbers of the different 
bacteria could be aseptlcally mixed together in a sterile 100ml flask, 
"hie bacteria present in these mixed suspensions were still in their 
original growth medium. The total volume of medium in the flask, once 
the mixed suspension was prepared, was 100ml. The mixed suspensions were 
placed in a shaking incubator for 10 mins to allow the bacteria to 
recover from the mixing process. After 10 mins attachment experiments 
were performed with these mixed bacterial suspensions, as in Section
4.3.3.
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6.3.3 Effect of Tenperature on the Attachment of Bacterial In Nixed 
Suspensions
The effect of temperature on the attachment of bacteria in mixed 
suspensions was investigated by first growing three samples of each 
bacterium Aeromonas. Chrnmnhacterlum. the coryneform and Staphylococcus 
in media (4), (5) and (6) as in Section 4.3.4. Nixed suspensions of the
required bacteria were then prepared. These suspensions were placed in a 
shaking incubator at the attachment temperatures of 15°C, 25°C or 37°C 
for 10 mins to allow bacteria to recover from the mixing process. After 
10 mins attachment experiments were performed with these mixed bacterial 
suspensions as in Section 4.3.3.
6.3.4 pH and Attachment
Aernmonas. the coryneform and Staphylococcus were grown in batch 
culture in Medium (6> at 15°C until late stationary phase as in Section
4.3.2. The bacterial cells were harvested by centrifugation at 11,000 
av.g for 15 mins and washed twice with 0.01M Hepes buffer (pH 7.4), as 
in Section 5.3.2. Mixed suspensions of the bacteria were prepared as the 
bacteria were resuspended in the mixed buffer system (Section 5.3.2).
Once the bacterial cells had been resuspended in mixed suspensions, 
they were incubated in a shaking incubator at 15°C for 10 mins to, 
stabilise them to their new conditions. Glass surfaces were aseptically 
added to the flasks and attachment experiments were then performed as in 
Section 4.3.3.
6.3.5 Bffect of Blectrolyte Type and Concentration on the Attachment of 
Bacteria in Mixed Suspensions
Aernmrmas. the coryneform and Staphy1ococcus were grown in batch
culture in Medium (6> and harvested and washed as in Section 5.3.2. The
122
bacteria were then resuspended in a series of electrolyte solutions as 
described in Section 5.3.3 to give the mixed bacterial suspensions 
required. The resuspended mixed bacterial suspensions were incubated in 
a shaking incubator at 15°C to stabilise them to the new conditions.
Glass surfaces were aseptlcally added to the flasks and attachment 
experiments were performed as in Section 4.3.3. After attachment the 
surfaces were washed in 0.OIK Hepes pH 7.4 Instead of phosphate buffer 
before fixing as this was the main component of the attachment medium.
6.4 RESULTS
Appendix FIGURE 2 (a) and (b> gives examples of the types of 
biofilms obtained during the attachment experiments in this chapter.
6.4.1 Effect of Growth Conditions on the Attachment of Bacteria in Mixed 
Suspensions
As with the attachment of pure cultures (FIGURE 4.2 (a>>, growth 
conditions had a profound effect on bacterial attachment when one 
species was in a mixed suspension with another. As with pure cultures, 
the bacterial attachment observed depended on the bacterial species 
investigated e.g. the attachment patterns observed for AprnmnnaK in 
mixed suspensions (FIGURE 6.1) were different from those obtained for 
Chrcmobacterlum in mixed suspensions (FIGURE 6.2).
In general the effects of changing the carbon source on the 
attachment of a bacterium in a mixed suspension with one other 
bacterium, was still dependent on the bacterium being investigated. 
Attachment of Aeromonas in mixed suspension with one other bacterium, 
was seen to decrease in the mannose and sucrose media, as the carbon 
concentration increased. This was opposite to the results obtained for 
Aeromonas attachment in pure culture. In the glucose media however, the
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FIGURE 6.1
Attachment of Aeromonas in a mixed suspension with 
(a) Chromobacterium, (b) the coryneform and (c) Staphylococc us 
The carbon sources used in the media were (I) glucose,
(II) mannose and (III) sucrose.
N.B.- The media 1-9 are as indicated in the teit. The
medium listed is the growth medium and the attachment 
medium. 0
All cultures were grown in batch culture at 15 C.
The temperature at which attachment was carried out was 
also 15®C.
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FIGURE 6.2
Attachment of Chromobacterium in a mixed suspension with 
(a) Aeromonas. (b) the coryneform and (c) Staphylococcus.
The carbon sources used in the media were (I) glucose,
(II) mannose and (III) sucrose.
N.B.- The media 1-9 are as indicated in the text. The medium 
listed is the growth medium and the attachment medium. 
All cultures were grown in batch culture at 15 C.
The temperature at which attachment was carried out 
was also 15°C.
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attachment of Aeromonas in mixed suspensions generally increased as the 
carbon concentration increased. This was similar to the attachment 
observed with a pure culture. In these experiments, maximum attachment 
for Aemmonas was observed at carbon concentrations up to 0.02 g carbon 
l-' compared to 0.2 g carbon l-’ with the pure cultures. The effect of 
carbon-to-nitrogen ratio on the attachment of Aeromonas in mixed 
suspension varied with the carbon source as for the pure culture 
results, and with the species present in the mixed suspension e.g. the 
attachment of Aeromonas in the mannose-limited Medium <1> with the 
coryneform in the mixed suspension (FIGURE 6.1 <c)II> was greater than 
the mannose- limited Medium (1) with the r.hrnmnbacterlum in the mixed 
suspension.
In general there was no correlation between the attachment of 
Chromobacterium in mixed suspension with one other bacterium and the 
carbon concentration (FIGURE 6.2>. This was also the case with the pure 
culture results (FIGURE 4.2 (b)). The attachment of Chromobacterium in 
mixed suspension was also influenced by the carbon source in the medium. 
The attachment of Chromobacterlum in a mixed suspension with Aeromonas. 
in glucose medium (FIGURE6.2 (a)I) was different from the attachment of 
Chromobacterlum observed when these species were in a sucrose medium 
(FIGURE 6.2 (a>III>. Changes in the attachment of Chromobacterlum were 
also observed due to the different species in the mixed suspension with 
Chromobacterlum.
As with the attachment of the coryneform in pure culture (FIGURE 4.2 
(c>>, the attachment of the coryneform in mixed suspension was greater 
at lower carbon concentrations. These results again were dependent on 
the carbon source in the media and to a greater extent the bacterium in
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the mixed suspension with the coryneform. When Staphylococcus was In a 
mixed suspension with the coryneform (FIGURE 6.3 (c>), the results were 
similar to those obtained with the attachment of the pure cultures. 
However, the attachment observed when Aeromonas or r.hi-nmnbacterlum was 
in a mixed suspension with the coryneform was greatly decreased if 
indeed attachment occurred (FIGURE 6.3 (a) and (b>>.
The attachment of Staphylococcus in a mixed suspension with 
Aeromonas or Chronobacterlum is hard to assess as little if any 
attachment of Staphylococcus was observed in the different media used 
(FIGURE 6.4 (a) and (b)). When Staphylococcus was in a mixed suspension 
with the coryneform, attachment was observed. The results however, were 
again dependent on the carbon source in the medium. In the glucose 
medium (FIGURE 6.4 (c)l> attachment was observed in all of the Media (1) 
to (9). In the sucrose media however, Staphylococcus attachment was only 
observed in Media 7 to 9 (FIGURE 6.4 (c)III>.
6.4.2 Attachment of Bacteria Grown In Continuous Culture In Mixed 
Suspensions
As with attachment of pure cultures, changes in the attachment of 
mixed suspensions of bacteria were observed with continuous culture- 
grown cells compared to batch culture-grown cells e.g. the attachment of 
Aernmnnas in mixed suspensions when the bacteria were grown in batch 
culture at 15°C (FIGURE 6.5) was different when the bacteria were grown 
in continuous culture at 15°C (FIGURE 6.9). The results obtained 
however, were still dependent on the carbon source as well as the other 
species present in the mixed suspension.
In general the attachment of (crnimn«!; in a mixed suspension with 
Chromobacterium (FIGURE 6.9 (a>> was similar to the attachment observed
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FIGURE 6.3
Attachment of the coryneform in a mixed suspension with 
(a) Aeromonas. (b) Chromobacterium and (c) Staphylococcus.
The carbon sources used in the media were (I) glucose,
(II) mannose and (III) sucrose.
N.B.- The media 1-9 are as indicated in the text. The 
medium listed is the growth medium and the attachment 
medium. #
All cultures were grown in batch culture at 15 C.
The temperature at which attachment was carried out was 
also 15#C.
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FIGURE 6.4
Attachment of Staphylococcus in a mixed suspension with 
(a) Aeromonas, (b) Chromobacterium and (c) the coryneform. 
The carbon sources used in the media were (I) glucose,
(II) mannose and (III) sucrose.
N.B.- The media 1-9 are as indicated in the text. The
medium listed is the growth medium and the attachment 
medium.
All cultures were grown in batch culture at 15 C.
The temperature at which attachment was carried out was 
also 15*C.
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for Aeromonas in pure culture (FIGURE 4.3 (a). When the coryneform was 
present in the mixed suspension with Aeromonas the attachment of 
Aernmnnag increased compared to the pure culture results (FIGURE 6.9 
(b)) . Staphy1ococcus in mixed suspension with Aeromonas again produced 
similar results to those obtained with the pure culture of Aeromonas.
Vhen Chromobacterium was in a mixed suspension with Aeromonas. the 
qoryneform or Staphylococcus, the attachment (FIGURE 6.10) was always 
similar to that obtained for the attachment of pure cultures of 
Chromobacterium (FIGURE 4.3 (b>>. Differences in Chromobacterium 
attachment in mixed suspensions were still apparent, however, compared 
to pure culture attachment when the carbon-to-nitrogen ratios in the 
media were Investigated.
The coryneform when in mixed suspensions attached to a lesser extent 
(FIGURE 6.11) compared to the pure culture attachment results (FIGURE
4.3 (c>>. Vhen Aeromonas or Chromobacterium were in the mixed suspension 
with the coryneform (FIGURE 6.11 (a) and (b)) the coryneform did not 
attach in any of the media. Vhen Staphylococcus was in a mixed 
suspension with Aeromonas or Chromobacterium (FIGURE 6.12 (a) and (b>> 
the attachment was always lower compared to the attachment of a pure 
culture of Staphylococcus (FIGURE 4.3 (d>>. Vhen the coryneform was in a 
mixed suspension with Staphylococcus (FIGURE 6.12 (c>>, the attachment 
of Staphylococcus was greater in the glucose media compared to the 
attachment of the pure culture in glucose media. In the mannose and 
sucrose media, the attachment of the Staphylococcus was slightly less 
than the pure culture attachment.
In summary the results obtained in Sections 6.4.1 and 6.4.2 
demonstrate that the growth conditions have a profound effect on the
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attachment of bacteria when in a mixed suspension. The attachment 
results obtained for a bacterium, attached under different growth 
conditions in pure culture, were often different from the results 
obtained when the species was attached in a mixed suspension. These 
results suggested the bacteria present in a mixed suspension could 
influence the attachment of each other in many instances.
6.4.3 Effect of Temperature on the Attachment of Bacteria in Mixed 
Suspensions
Aernmnnas in a mixed suspension (FIGURE 6.5) attached differently 
compared to the attachment of a pure culture of Aeromonas (FIGURE 4.4 
(a)) at different temperatures. As seen with the attachment of pure 
cultures of Aeromonas there was little change in the attachment of mixed 
suspensions of Aeromonas when the attachment temperature was increased 
from 15°C to 25°C but, a significant decrease in attachment was seen 
when the temperature was increased to 37°C. This was opposite to the 
results obtained with the attachment of pure cultures of A e r o n a n a s  where 
an increase was observed when the temperature was increased from 25°C to 
37°C, These results were observed whether the Aeromonas was in a mixed 
suspension with Chromobacterium, the coryneform or S ta p h y lQ C Q C C U S - In 
general the numbers of Aeromonas attaching was nearly always lower with 
the mixed suspensions than the attachment observed with the pure 
cultures.
The results obtained for the effects of temperature on the 
attachment of Chrnmnbacterium in mixed suspension with Aeromonas. the 
coryneform and Sft.aphylncnccus are shown in FIGURE 6.6. There was again 
little change in Chromobacterium attachment in mixed suspension with 
either of the other species when the attachment temperature was
133
25
 C
FI
GU
RE
 6
.6
Th
e 
at
ta
ch
me
nt
 o
f 
Ch
ro
mo
ba
ct
er
iu
m 
in
 a
 m
ix
ed
 s
us
pe
ns
io
n 
wi
th
 
) 
Ae
ro
mo
na
s, 
(b
) 
th
e 
co
ry
ne
fo
rm
 a
nd
 (
c)
 S
ta
ph
yl
oc
oc
cu
s,
Th
e 
ca
rb
on
 s
ou
rc
es
 u
se
d 
in
 t
he
 m
ed
ia
 w
er
e 
(g
) 
gl
uc
os
e,
(m
) 
ma
nn
os
e 
an
d 
(s
) 
su
cr
os
e.
oom
Bua^oeq paqoea^e uoi^jodoad
E  .
3  E Cfl
•H  3 4 J
7 3  -H c
0 )  7 3 a )
E  Q ) • E
E  Ü  j C
0 )  i0 U
- C  4 J m « 0
H  a .—t 4-J •
a> 4-1 7 3
*  e 4_> CO a>
4-» J 3 CO 4->
*  Ü 0 ) CO
a )  <0 0 ) s z U
4-> u u . 4-> • H
U> 3 7 3
a> a 4-> 7 3 c
S Z f—4 0 ) • H
4-1 Q) 3 u
- C U co CO
C  * J CX <U
•H J 3 0 ) u
* 3 U Ut 3
7 3  C 4-> ex 4->
0 )  CO CO CO
4-J . 3 <D Ut
co E u (1)
Ü  3 c a ) e x
•H  *H *H : * E
7 3  7 3 <D
C  0 ) c co 4-J
*H  e : * c
o o a>
<0 J Z u •H - C
(0  4-> 0 0 CO 4-J
* c
0 ) o a> a> 4-J
/■> u  u Ut e x CO
7 3 co o o 0 ) co
0 ) > 3 7 3
3 vO  a ) co a>
e 1 J 2 co E
•H S Ì  4-> 0 ) 7 3 Ut
4-J Ut 0 ) o
c co co 3 K <4-4
o •H  *H 4-1 •H Ut
o 7 3 »H E a>
V »/ 0 )  T 3 3 e x
B  O) U u
v O a ) 0 )
• V  CO i-H 4-J Ut
v O J =  -H »—4 <4-4 <D
h H < < Ï
W
o c 1
HD •
CD CÛ
KH •
b u z
4.4 (b>). Once again when the temperature was increased from 25°C to 
37°C the attachment of Chromobacterlum in mixed suspensions decreased 
significantly (P>0.05). This again was the opposite to the results 
obtained for the attachment of pure cultures of Chromobacteri nm (FIGURE
4.4 (b>). As was seen with the Aeromonas. the numbers of Chromobacter1nm 
attaching in the mixed suspension experiments, was usually lower than in 
the attachment of pure cultures of Chromohacter-lnin.
The coryneform in mixed suspension with Aeromonas or Chrnmnbact.erlm 
(FIGURE 6.7 (a) and (b>) demonstrated little if any attachment at 15°C 
or 25°C. This was not the case with pure cultures of the coryneform 
(FIGURE 4.4 (c>> where the coryneform attached at all temperatures. The 
attachment of the coryneform in mixed suspensions with Aeroronnas; and 
Chromobacterium significantly (P>0.05) increased when the temperature 
was increased from 25°C to 37°C. When the coryneform was in mixed 
suspension with Staphylococcus, the attachment at the different 
temperatures was similar to that obtained for Aeromonas and 
Chromobacterium in mixed suspensions. In this case, the attachment of 
the coryneform in mixed suspension with Staphvlocnccns did not change 
between 15°C and 25°C. When the temperature was increased to 37°C, the 
attachment of the coryneform decreased significantly (P>0.05) from the 
results obtained at 15°C and 25°C. These results were again different 
from those obtained for the attachment of pure cultures of the 
coryneform. The coryneform numbers attaching in mixed suspension with 
Staphylococcus, were again less than those which attached when the 
coryneform was in pure culture.
increased from 15°C to 25°C. These results were again similar to those
obtained for the attachment of pure cultures of Chromnhaot.erl in (FIGURE
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Staphylococcus In nixed suspension with Aeromonas or Chromabacterlun
also demonstrated little If any attachment at 15°C or 25°C. When the 
temperature was increased to 37°C the attachment of Staphylococcus was 
again seen to Increase (FIGURE 6.8 (a) and (b>>. These results are the 
opposite of those obtained for attachment of pure cultures of 
Staphy1occoccus at different temperatures. In pure culture, the 
attachment of Staphy1ococcus decreased when the temperature was 
increased to 37°C. In suspension with the coryneform, variations in 
attachment were observed, compared to the other mixed suspension 
results. In this case, no attachment of Staphylococcus was obtained at 
25°C or 37°C. Attachment of Staphylococcus. however, did occur at 15°C. 
In general these results were not comparable with those obtained for the 
attachment of Staphylococcus in pure cultures.
The results obtained for the effects of temperature on the 
attachment of bacteria in mixed suspensions, when the bacterial cells 
were grown in continuous culture, were similar to those obtained when 
the bacteria were grown in batch culture. In the case of Aernmnnas in a 
mixed suspension with Chromobacterlum. the coryneform and Staphylococcus 
(FIGURE 6.9) bacterial attachment decreased as the temperature increased 
from 15°C to 25°C, and from 25°C to 37°C. Similar results were also 
obtained when Chromobacterium was in mixed suspension with Aeromonas. 
the coryneform and Staphylncnccns (FIGURE 6.10). In these experiments, a 
decrease in Chromobacterlum attachment was mostly apparent when the 
attachment temperature increased from 25°C to 37°C.
After the coryneform was grown in continuous culture and attached in 
mixed suspensions with Aeromonas and Chromobacterlum. no attachment of 
the coryneform was observed at any of the attachment temperatures
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(FIGURE 6.11 (a) and (b)>. These results were different from those
obtained with the batch culture grown cells. When the coryneform was in 
mixed suspension with Staphylococcus, after both bacteria had been grown 
in continuous culture, little change in the coryneform attachment was 
observed when the temperature was increased from 15°C to 25°C (FIGURE 
6.11 (c>>. As the temperature was increased to 37°C, however, a decrease 
in the coryneform attachment was observed, similar to the results 
obtained with cells grown in batch culture.
Staphylococcus, grown in continuous culture and attached in mixed 
suspensions with AernmnnaK. Chromobacterium and the coryneform, attached 
in all the media tested and at all temperatures (FIGURE 6.12). This was 
not seen when Staphylococcus was grown in batch culture. Similarities, 
however, were seen with the cells grown in batch culture when 
investigating Staphylococcus attachment in mixed suspension with 
Aeromonas or Chromobacterium. In these cases little change in attachment 
was observed between 15°C and 25°C. As the temperature increased to 
37°C, an Increase in Staphylococcus attachment was observed.
In general, temperature could still influence attachment of a mixed 
suspension of bacteria as was seen with attachment of pure cultures of 
bacteria. However, as was seen in Sections 6.4.1 and 6.4.2 the results 
obtained were dependent upon the bacteria being investigated and the 
other species in the mixed suspension.
6.4.4 The Effect of pH on the Attachment of Bacteria In Mixed 
Suspensions
When the attachment of Aeromonas. the coryneform and Staphylococcus 
was studied over a range of pH's it was clear that the results obtained 
were different from the attachment results for the attachment of pure
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cultures of bacteria. The attachment of pure cultures of Aeromonas gave 
an optimum attachment pH between 7.5 and 8.0 (FIGURE 5.3 <a>>. When 
Aernmnnas was In a mixed suspension (FIGURE 6.13), the pH optimum for 
attachment changed. The pH optimum obtained was dependent on the 
bacterium In the mixed suspension with Aeromonas. The pH optimum when 
the coryneform was In the mixed suspension with Aeromonas (FIGURE 6.13 
(a)) was between pH 7 and pH 7.5. The overall bacterial attachment with 
the mixed suspension bacteria was greater at this optimum than the 
figure obtained for the pure culture bacteria. Aeromonas was also found 
to attach over the full pH range when the coryneform was present In the 
mixed suspension. This was not seen with Aeromonas attachment in pure 
cultures where no attachment occurred at pH 4.0 or pH 4.5.
Aeromonas in a mixed suspension with Staphylococcus (FIGURE 6.13 
(b>) attached at a pH optimum different from that of the pure culture, 
and from that of Aurnimnaf, attachment in mixed suspension with the 
coryneform. The optimum pH for attachment in this case was pH 6.5. 
Aeromonas was again seen to attach In greater numbers at this optimum 
than observed with the pure culture. AarnmnnaK attached over the full pH 
range when Staphylococcus was present in the mixed suspension even 
though Aeromonas did not attach at pH 4 or pH 4.5 in pure culture. These 
results over the full pH range were similar to those obtained when the 
coryneform was in the mixed suspension with Aeromonas.
The coryneform In mixed suspension with Aeromonas and Staphylococcus 
over a pH range gave results which were again different from the 
attachment of the coryneform in pure culture (FIGURE 5.3 (b>>. When 
Aeromonas was in the mixed suspension with the coryneform, no attachment 
of the coryneform occurred. Attachment did, however, take place when
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FIGURE 6.13
The attachment of Ca) Aeroaonas in a mixed suspension 
with the corynefora and (b) Aeroaonas in a aixed suspension 
with Staphylococcus in a aixed buffer systea.
N.B.- The buffer systea was adjusted to pH's froa 4.0 to 9.0. 
The attachments were performed in this buffer systea in 
a shaking incubator at 13°C.
The bacteria were first grown in batch culture in 
Medium 6 at 15°C. The bacteria were harvested and 
resuspended to produce the mixed suspensions required 
in the above aixed buffer system.
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Staphylococcus was In the mixed suspension with the coryneform (FIGURE <*> 
14)^ ) The coryneform demonstrated a similar pH optimum for attachment in 
pure culture (pH 6.5 to pH 7) and in mixed suspension (pH 6.5). The 
number of bacteria which attached at the pH optimum for the mixed 
suspension was again greater than the number of bacteria which attached 
at the pH optimum for the pure culture.
The effect of pH on the attachment of Staphy1ococcus in mixed 
suspensions with Aeromonas or the coryneform, was slightly different 
from the effects observed for the other mixed suspensions.
Staphylococcus, in mixed suspension with tern im ai;. again did not attach 
over the pH range. Staphylococcus however, did attach over the pH range 
when in a mixed suspension with the coryneform (FIGURE 6.15). The pH 
optimum for the attachment of Staphy1ococcus in pure culture was pH 6 
(FIGURE 5.3 (c)), and in mixed suspension with the coryneform, the 
optimum was pH 7.5. In this case, the degree of attachment at the pH 
optimum of Staphylococcus when in mixed suspension was lower than the 
attachment observed with the pure culture. Staphylococcus in mixed 
suspension with the coryneform, attached at pH 5 or above, however, in 
pure culture Staphy1ococcus did not attach at pH 8.5 or pH 9.
In general the results show that the bacterial mixed suspensions 
reacted to pH variations differently to the bacteria in pure culture. 
Vhen a mixed suspension was used, however, the bacterium present in the 
mixed suspension influenced the reaction of the other species in the 
mixed suspension to pH changes. In the case of Aeromonas attachment, 
attachment was seen over the whole pH range when Afirnmnnaa was in a 
mixed suspension. Pure cultures of Aeromonas. however, did not attach
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FIGURE 6.14
The attachment of the coryneform in a mixed suspension 
with Staphylococcus in the mixed buffer system.
The coryneform did not attach in the mixed buffer system 
when in a mixed suspension with the Aeromonas.
FIGURE 6.15
The attachment of Staphylococcus in a mixed suspension 
with the coryneform in the mixed buffer system.
The Staphylococcus did not attach in the mixed buffer system 
when in a mixed suspension with the Aeromonas.
N.B.- The buffer system in FIGURES 6.14 and 6.15 was
adjusted to pH's from 4.0 to 9.0. The attachments 
were performed in this buffer system in a shaking 
incubator at 15 C.
The bacteria were first grown in batch culture in 
Medium 6 at 15°C. The bacteria were harvested and 
resuspended to produce the mixed suspensions required 
in the above mixed buffer system.
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/
over the full pH range. This was not the case with the coryneform which 
attached over the full pH range in pure culture and in mixed suspension.
6.4.5 The Bffect of Electrolyte Type and Concentration on the Attachment 
of Bacteria In Mixed Suspension
The effects of 1/K on the attachment of pure cyltures of AprnmrmaK 
and Aeromonas in a mixed suspension with the coryneform and 
Staphylococcus are presented in FIGURE 6.16. In all cases, Aeromonas 
attached in greater numbers in pure culture than in mixed suspension. In 
the pure culture, (FIGURE 6.16 (a)) Aeromonas attached to a 
significantly greater extent <P>0.05> when the 1/K was 0.3 than in the 
control. This was also the case when Aeromanas was in a mixed suspension 
with the coryneform (FIGURE 6.16 (b>>. When the 1/K value was 1.5 
Aeromonas attached less than the control. This was the case whether 
Aeromonas was in pure culture or in a mixed suspension with the 
coryneform. If the 1/K value was 1.0, the results obtained with 
Aeromonas in pure culture and with Aeromonas in mixed suspension with 
the coryneform were not comparable as Aeromonas attached differently in 
each case.
In mixed suspension with Staphylgcaccus, Aeromonas was again seen to 
attach differently compared with the pure culture of Aeromonas. This can 
be seen when the 1/K value is 3.1, in pure culture the attachment of 
Aeromonas was greater than the control value. When Aeromonas was in a 
mixed suspension with Staphylococcus the attachment was lower than the 
control value.
As discussed for the pure culture results, the salt present in the 
attachment solution could Influence the attachment results obtained.
This can be seen in pure culture where Aernmnnas attachment in the Na
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The effect of the electrical double-layer thickness 
on the attachment of (a) Aeromonas in pure culture,
(b) Aeromonas in a mixed suspension with the coryneform 
and (c) Aeromonas in a mixed suspension with Staphylococcus.
N.B.- The bacteria were attached in solutions with different 
electrolyte types and concentrations. These^solutions 
were incubated in a shaking incubator at IS C.
The bacteria were first grown in batch culture in 
Medium 6 at 15®C. The bacteria were harvested and 
resuspended to produce the mixed suspensions required 
in the electrolyte solutions.
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salt media was greater at the lowest 1/K value. This was also the case 
when Aeromonas was In a mixed suspension with the coryneform, but was 
not the case when Aeromonas was In a mixed suspension with 
Staphylococcus. Therefore, the 1/K value or the salt present in the 
attachment solution could be influencing the attachment of Aeromonas.
The results obtained in turn could be Influenced by the species present 
in the mixed suspension with Aeromonas.
The effects of 1/K on the attachment of the coryneform in pure 
culture and in mixed suspension with Apmannas and Staphylococcus are 
presented in FIGURE 6.17. In pure culture (FIGURE 6.17 (a)>, the 
coryneform attachment was lower at all 1/K values than the control 
value. This was also the case when the coryneform was in a mixed 
suspension with Aeromonas (FIGURE 6.17 (b)>. There were, however, slight 
differences in the attachment of the coryneform in pure culture at the 
different 1/K values compared to the coryneform attachment in mixed 
suspension with Aeromonas. In mixed suspension with Staphylococcus 
(FIGURE 6.17 (c>>, the attachment of the coryneform demonstrated marked 
differences compared to the results with the pure culture. The 
coryneform in mixed suspension did not attach in as greater numbers in 
the control as was seen with the pure culture. This resulted in the 
coryneform in mixed suspensions attaching to a greater extent when the 
1/K value was 0.5 than the control. This was not the case for attachment 
of pure cultures of the coryneform where the coryneform attached to a 
lesser extent, when the 1/K value was 0.5, compared to the control. The 
importance of the salt present in the attachment solution during the 
attachment of the mixed suspension coryneform, again must be considered. 
This could be seen when a Na salt is present during the attachment of
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FIGURE 6.17
The effect of the electrical double-layer thickness 
on the attachment of (a) the coryneform in pure culture,
(b) the coryneform in a mixed suspension with Aeromonas
and (c) the coryneform in a mixed suspension with Staphylococcus
N.B.- The bacteria were attached in solutions with different 
electrolyte types and concentrations. These solutions 
were incubated in a shaking incubator at 15 C.
The bacteria were first grown in batch culture in 
Medium 6 at 15®C. The bacteria were harvested and 
resuspended to produce the mixed suspensions required 
in the electrolyte solutions.
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the coryneform in pure culture and in a mixed suspension with Aernmnnas;
or Staphylococcus. In each case a different pattern of coryneform 
attachment was observed.
When the attachment of pure cultures of St.aphvl ncnmua (FIGURE 6.18 
(a>) was investigated little difference between the attachment of 
Staphylococcus at 1/K values 3.1, 0.3 and the control was observed. In a 
mixed suspension with Aeromonas (FIGURE 6.18 (b>), Staphylncnrcns 
attached slightly less at the 1/K value 3.1 and slightly more at the 1/K 
value 0.3. The attachment at the other 1/K values was always lower with 
the mixed suspension of Staphylococcus than with the pure culture. In 
mixed suspension with the coryneform, Staphv1ococcus attachment at 1/K 
value 3.1 was significantly (P>0.05> lower than the value obtained with 
the pure culture (FIGURE 6.18 (c>>. At 1/K value of 0.3, the attachment 
of Staphylococcus was similar in pure culture and in mixed suspension 
with the coryneform.
These results demonstrate that the 1/K, or the salt present in the 
attachment solution, could influence the attachment of a bacterium in a 
mixed suspension in the same way as the attachment of the pure cultures 
was affected. As with the other mixed suspension attachment results, the 
results obtained were dependent on the mixture of bacteria being 
investigated.
6.5 DISCUSSIOl
The results obtained in this Chapter suggest that the growth 
conditions Influenced the attachment of a bacterium when it was in a 
mixed suspension, as they did when the bacterium was in a pure culture. 
These studies also suggest that a bacterium could Influence the 
attachment of another bacterium to a surface when both were present in
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FIGURE 6.18
The effect of the electrical double-layer thickness 
on the attachment of (a) Staphylococcus in pure culture,
(b) Staphylococcus in a mixed suspension with Aeromonas 
and (c) Staphylococcus in a mixed suspension with the 
coryneform.
N.B.- The bacteria were attached in solutions with different 
electrolyte types and concentrations. These solutions 
were incubated in a shaking incubator at 15®C.
The bacteria were first grown in batch culture in 
Medium 6 at 15°C. The bacteria were harvested and 
resuspended to produce the mixed suspensions required 
in the electrolyte solutions.
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the attachment solution. There is no evidence in the literature to 
suggest that this cannot be the case, however, there is no direct 
evidence to support this claim. Rollinger (1987) has demonstrated that 
the presence of some species of bacteria could influence the presence or 
absence of other species on activated carbon. These indicator bacteria 
were thought to act as antagonists towards a range of other bacteria. 
These antagonists could contribute to nutritional competition, injury or 
chemical antibiosis. These results suggest that certain bacteria can 
greatly influence other bacteria when present in the same environment. 
Therefore, when considering the attachment of bacteria to surfaces it is 
not surprising that one species can influence the attachment of another 
when both are present in the same solution.
The methods used by bacteria to Influence other species have been 
documented in the literature. The most common method is the production 
of chemicals by one bacterium to act on another. Keans (1981) 
demonstrated that 22% of Isolates from a chlorinated water system 
produced bacteriocin-like substances which inhibited the growth of other 
bacteria. In these experiments such substances if produced by a 
bacterium would not have influenced the growth of another bacterium as 
the bacteria were grown separately. However, it is possible that such 
substances could influence bacterial attachment when the bacteria were 
in mixed suspension. Other researchers have also demonstrated that 
substances produced by one species can Influence the growth of another. 
For instance Pgiiednmnnag. can influence the growth of Haemophl lus by the 
production of a bacteriocin (Horse, 1976) or a microcin (Asensio, 1976).
Further studies by Adams (1983) on attached Aeromonas suggested 
another method by which one bacterium could Influence the attachment of
155
another. Aernmnnag released an extracellular enzyme which could 
inactivate its own adhesin. It is possible that this enzyme could 
influence the attachment of other bacteria as well as Aernrannas and, 
therefore, influence the attachment of another bacterium. Indeed, such 
substances may be more relevant on the confined area of a surface than 
in the liquid phase where their effects would be expected to be minimal 
due to the dilution effect. This may be more important in the natural 
environment where the size of the liquid phase would dilute such a 
substance to insignificance.
Bacterial attachment has been studied in medical situations and 
these studies have provided information on the specificities of host- 
bacterial interactions. There is evidence from these studies that 
indigenous bacteria Influence the colonisation of exogenous pathogens. 
Slots (1978) demonstrated that indigenous bacteria can serve as 
receptors for the adherence of pathogens. Reports have also Indicated 
that pathogens can possess adhesions on their surfaces, which may be 
involved in specific interactions between different bacterial species 
(Komiyama, 1984). In the case where lnterbacterial adhesion occurred, 
the extent of adhesion of bacterial species was Influenced by the 
species involved. This could in part account for some of the changes in 
bacterial attachment observed in these experiments where one bacterial 
species Influences attachment of another bacterial species.
At present, it is impossible to say how one bacterium could 
influence the attachment of another to a surface. It is possible that 
different methods could be used by different bacteria. In some instances 
this change in attachment could be accidental, for example, due to waste 
products. On the other hand a more specific method may be involved.
CHAPTER SEVER
ATTACHMERT OF PURE BACTERIAL SUSPERSIORS ARD NIXED BACTERIAL SUSPEISIONS
IR VIVO USING A MODEL SYSTEM
7.1 AIM
To Investigate the effects of bacterial species, temperature and 
other environmental factors on attachment of bacterial species in a 
model system, These results are compared with those obtained for the 
laboratory-based studies reported In Chapters 4, 5 and 6.
7.2 INTRODUCTION
The results in Chapters 4, 5 and 6 have shown that the attachment of 
a bacterium to a solid surface can be influenced by another bacterium 
present in the liquid phase, or attached to the solid surface under 
laboratory conditions. Bacterial attachment was, therefore, investigated 
in Tocll Lake to establish if the changes in bacterial attachment 
observed in attachment experiments with cells grown in batch culture due 
to the presence of other species, would also occur in a natural aquatic 
environment. For this investigation, a model system was developed to 
study bacterial attachment under natural conditions in Tocll Lake, 
University of Warwick.
The importance of environmental factors, such as pH and temperature, 
on bacterial attachment was shown in Chapter 5. These same factors were 
again Investigated to assess their Importance to bacterial attachment 
under natural conditions. In these aquatic environments, other 
environmental factors could also be Important in determining the 
attachment of bacteria to surfaces. These factors Include salinity, 
particulate load (Bell, 1982; Yoon, 1990), turbulence (Eighmy, 1985) and
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settling rates.(Ducklow, 1982). The importance of these factors in 
bacterial attachment was also considered in this chapter.
7.3 MATERIALS AID METHODS
7.3.1 Bacteria
Stock cultures of Aeroaonas 2, Chromobacterium 2, the coryneform, 
Staphylococcus, Aclnetobacter 1 and Pseudomonas 1 were set up in 
glucose minimal media (Section 3.3.1). 10ml volumes of the stock 
cultures were centrifuged at 3,000g in a Beckman Centrifuge. The cells 
were washed in filtered lake water (0.2p cellulose acetate filter), 
centrifuged and re-suspended in 5ml of the filtered lake water. The 
bacterial numbers in each of these bacterial preparations were 
determined using viable counts,(Section 3.3.1). This was to enable 
approximately equal numbers of the different species to be used in the 
model system. These bacterial preparations were stored at 4°C until 
used. This procedure did not appear to Influence bacterial attachment if 
the storage time was below 10 days.
7.3.2 Model System
The model system (Figure 7.1) consisted of a 350ml glass vessel with 
0.2p cellulose acetate filters at each end. These filters were fitted 
to the system using Silcoset (Ambersil Ltd, Basingstoke). This Silcoset 
was found not to influence the viability, growth or attachment ability 
of the bacterial species used here (Appendix 3 Table 1.1).
The model system contained 14 glass surfaces of 16mm diameter.
These surfaces were cleaned as in section 3.3.1. Once the system was 
sealed, it was sterilised by autoclaving at 120°C for 20 mins. The 
system was placed in the aquatic environment for 24hrs to fill with lake 
water. The system was quickly removed from the lake and Inoculated with
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the bacterial suspension via the rubber bung. This was done in the field 
using a sterile syringe and needle, taking care to clean and flame the 
area of inoculation first, using a portable calor-gas stove. The 
surfaces were removed after 5 days and treated in the field as in 
Section 3.3.1. The bacterial population present in the model system 
after five days was determined by viable counts.
7.3.3 Experimental Conditions
The temperature of the aquatic environment was monitored twice a day 
at 0845 hrs and 1530 hrs using a field thermometer.
The pH of the aquatic environment was monitored dally by taking a 1L 
lake water sample and measuring the pH in the laboratory.
The organic and inorganic carbon levels before and after an 
experiment were determined in the laboratory using a Beckman Total 
Carbon analyser. The machine was standardised using organic and 
inorganic carbon solutiuons at lOOmg C/l.
7.3.4 Immunofluorescence Microscopy
Each bacterial Isolate, used in these experiments, had antibodies 
raised against it to be used in immunofluoresence microscopy. The 
bacterial cells were grown in nutrient broth in the presence of glass 
beads. These glass beads encouraged the growth of attached bacteria so 
that antibodies could be raised against the attachment organelle^. The 
cells were harvested by centrifugation at 10,000g for 15 mins. The cells 
were washed five times in 0. 1M phosphate buffer, pH 7.4, containing 0.3% 
<v/v> formaldehyde. The cells were resuspended and washed five times in 
0.1M phosphate buffer, pH 7.4. The cell pellet was resuspended in 5ml of 
0.IK phosphate buffer. 1ml of the bacterial suspension was then combined
159
with an equal volume of Freund incomplete adjuvant, (Difco Lab,
Michigan), (Zambon,1984j Dahle,1982).
Vhite rabbits were intravenously Injected with the bacterial 
suspension + adjuvent mixture. After seven days another injection was 
given, followed by another after a further six weeks. Trial bleedings 
were then performed to determine the antibody titre using agglutination 
assays. (Finegold, 1978). Once the required titre was obtained the 
required quantity of rabbit blood was extracted. The rabbit blood was 
separated from the serum and the serum was heated to 56°C for three 
minutes to destroy the complement proteins. The antiserum was stored in 
small aliquots at -20°C until used.
The immunofluorescence assay used was described by Mouton (1978). A 
lOpl sample of a bacterial sample was placed on a glass coverslip, air 
dried and gently heat fixed. A checkerboard titration was then performed 
to determine the working titration for the antisera. A lOpl portion of 
twofold serial dilutions of the antisera in 0.IK phosphate buffer, pH 
7.4, was placed on a heat-fixed bacterial sample for 20 mins. This 
sample was rinsed in phosphate buffer and washed in distilled water. The 
coverslips were incubated with 25pl of goat anti-rabbit immunoglobulin-0 
conjugated with fluorescein lsothlocyanate serially diluted in phosphate 
buffer for 20 mins. The coverslips were rinsed and washed as before and 
mounted with glycerol in phosphate buffer <2:1 V/V).
The bacterial samples were examined using a microscope equipped for 
phase-contrast Illumination and incident-light fluorescence. The working 
titre required for each antisera were determined by the titre which 
gave good fluorescence with good cell envelope definition. The surfaces 
obtained from the model system were heat fixed and investigated uBlng
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7.4 RESULTS
Appendix FIGURE 3 <a> and <b> gives examples of the types of 
biafllms obtained during the attachment experiments in this chapter.
7.4.1 Pure Culture vrs Mixed Suspension Attachment
The bacterial population present in the model system, after each 
attachment experiment with mixed suspensions, consisted of varying 
proportions of the original species inoculated into the sytem. In every 
case, each of the species Inoculated into the model system were isolated 
from the bacterial population present in the model system at the end of 
the attachment experiments.
7.4.1.(A) Two-membered suspensions
Table 7. 1 shows the results obtained for the attachment of pure 
cultures plus two-membered mixtures of these bacteria in the model 
system suspended in Tocll Lake water.
In pure culture, the best attachment was seen with cultures of 
Staphylococcus (overall mean 0.6275) and Aeromonas (0.5423) whilst 
Aclnetobacter did not attach at all.
In the mixed suspensions, Aclnetobacter still did not attach to the 
glass surfaces and this organism always had an inhibitory effect on the 
other members of the mixed community reducing attachment by at least 50% 
for the other species. Acinetobacter possibly produces an inhibitory 
substance which coats the surface preventing other organisms forming a 
biofilm.
Staphylococcus attachment was also much reduced in the prescence of 
other bacteria, reducing the mean from 0.6275 to 0.0992, with a range of
this immunofluorescence assay and the antisera working titre outlined
above.
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TABLE 7.1 Attachment of bacteria In pure culture and in a nixed
suspension with one other bacterial species In the model 
system. The temperatures during these experiments were within 
the range 8°C to 15°C.
BACTERIA ATTACHMENT RESULTS
INVESTIGATED
Aeromonas
Chromobacterium
+
PURE CULTURE
0.5327 (0.0981) 
0.3116 (0.0647)
MIXED SUSPENSION
0.4261 (0.0827) 
0.1378 (0.0295)
Aeromonas
coryneform
+ 0.5780 
0.4729
(0.1138) 
(0.0906)
0.4183 
0.0874
(0. 0940) 
(0.0176)
Aeromonas
Staphylococcus
+ 0.5221 
0.6824
(0. 0988) 
(0.1532)
0.6825 
0.0613
(0.1256) 
(0.0102)
Aeromonas
Aclnetobacter
+ 0.5620 (0.0953) 
0.0000
0.3051 (0.0590) 
0.0000
Aeromonas
Pseudomonas
+ 0. 5167 
0.3475
(0. 0904) 
(0. 0827)
0.3528 
0.1158
(0.0716)
(0.0238)
Chromobacterium
coryneform
+ 0. 3381 
0.4693
(0.0736) 
(0.0893)
0.3150 
0.0568
(0.0720) 
(0.0105)
Chromobacterium
Staphylococcus
+ 0.2996
0.5936
(0. 0724) 
(0.0124)
0.4236 
0.0420
(0.0801) 
(0.0082)
Chromobacterium
Acinetobacter
+ 0.3614 (0.0716) 
0.0000
0.1938 (0.0410) 
0.0000
Chromobacterium
Pseudomonas
+ 0. 3251 
0.3427
(0.0695) 
(0.0671)
0.3526 
0.2316
(0.0658) 
(0.0491)
coryneform
Staphylococcus
+ 0.5320 
0. 6198
(0. 0978) 
(0. 1152)
0.5147 
0.1268
(0.0892) 
(0.0205)
coryneform
Aclnetobacter
+ 0.4470 (0.0783) 
0.0000
0.2130 (0.0396) 
0.0000
coryneform
Pseudomonas
+ 0. 4946
0. 3520
(0. 0790) 
(0. 0743)
0.0615 
0.2841
(0.0099) 
(0.0517)
Staphylococcus
Acinetobacter
0.6370 (0.1218) 
0.0000
0.1938 (0.0391) 
0.0000
Staphylococcus
Pseudomonas
+ 0.6046 
0.3271
(0. 1137) 
(0. 0645)
0.0721 
0.3016
(0.0116) 
(0.0650)
Pseudomonas + 0.3148 (0.0598) 0.0985 (0.0192)
Aclnetobacter 0.0000 0.0000
N. B- Pure culture attachments were performed with each mixed suspension
to monitor any change In a bacterium's attachment ability.
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0.0420 to 0.1938 compared to 0.5936 to 0.6824 for the pure culture. This 
is a highly significant decrease In attachment potential for this 
organism and presumably occurs because of Interactions between the 
bacteria concerned, or because the surface attachment sites become 
occupied by the competitor rather than by Staphylococcus. In fact, the 
highest attachment occurred in the prescence of Aclnetobacter. the one 
organism which did not attach at all.
U r n u n n a s  attachment was reduced slightly but not significantly 
from a mean of 0.5423 to 0.4370, but the range of values Increased with 
attachment being significantly higher In the prescene of Staphv1ococcus 
and lower In the presence of Aclnetobacter. With the other species, 
there was a slight but not significant decrease In attachment.
The attachment of the coryneform was greatly Inhibited by Aeromonas. 
Chroaobactfirlun and Pseudomonas, slightly reduced by Aclnetobacter., but 
unaffected by Staphylococcus. There was a much wider range of attachment 
values from 0.0568 to 0.5147 for this organism In mixed culture than In 
pure culture <0.4470 to 0.5320).
The attachment of Chmnnbacterium was reduced in the presence of 
Aeromonas and Aclnetobacter. enhanced by Staphylococcus but unaffected 
by Pseudomonas and by the coryneform.
The attachment of Psendnmrmag was only greatly affected by 
Aclnetobacter and Aeromonas which were strongly inhibitory. The other 
species did not affect Pseudomonas attachment significantly.
7.4.1.(B) Three-meabered suspensions
The results obtained when three bacterial species (Table 7.2) were 
used in a mixed suspension again Indicated that the attachment of a 
bacterium could be Influenced by the presence of other species.
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TABLE 7.2 Attachment of bacteria In pure culture and in a mixed
suspension with two other bacterial species In the model 
system. The temperatures during these experiments were within 
the range 8°C to 15°C.
BACTERIA ATTACHMENT RESULTS
INVESTIGATED PURE CULTURE NIXED !SUSPENSION
Aeromonas + 0.4871 <0.0891) 0.4295 <0.0860)
Chromobacterium + 0.3095 (0.0618) 0.0810 <0. 0114)
coryneform 0.5248 <0.0921) 0.0251 <0. 0056)
Aeromonas + 0.5283 <0.0865) 0.7143 <0.1106)
Chromobacterium + 0.3614 (0.0628) 0.3217 (0.0592)
Staphylococcus 0.6490 <0.0986) 0.0531 (0.0092)
Aeromonas + 0.5174 (0.0882) 0.2875 (0. 0478)
Chromobacterium + 0.3468 (0.0610) 0.1144 (0.0296)
Acinetobacter 0.0000 0.1oooo
Aeromonas + 0.5036 (0.0923) 0.4750 (0. 0885)
Chromobacterium + 0.3286 <0.0579) 0.1739 (0.0341)
Pseudomonas 0.2958 <0.0472) 0.0937 (0. 0173)
Aeromonas + 0.4876 <0.0853) 0.6134 (0. 0968)
coryneform + 0.4931 <0.0882) 0.1140 (0.0206)
Staphylococcus 0.6205 <0.0921) 0.0413 (0.0071)
Aeromonas + 0.4627 <0.0813) 0.2874 (0.0451)
coryneform + 0.5231 <0.0952) 0.0512 (0. 0085)
Acinetobacter 0.0000 0.13000
Aeromonas + 0.5081 (0.0830) 0.3827 (0.0562)
coryneform + 0.5052 <0.0792) 0.0415 (0.0076)
Pseudomonas 0.3264 (0.0591) 0.1436 (0.0269)
Aeromonas + 0.5032 (0.0871) 0.3728 (0.0557)
Staphylococcus + 0.6247 (0.0994) 0.0327 (0. 0082)
Acinetobacter 0. 0000 0.0000
Aeromonas + 0. 4861 (0.0782) 0.6481 (0.1147)
Staphylococcus + 0.6652 (0.0958) 0.0319 (0.0058)
Pseudomonas 0.3167 (0.0530) 0.1538 (0.0286)
Aeromonas + 0.4804 (0.0632) 0.2169 (0.0431)
Pseudomonas + 0.3217 <0.0581) 0.0926 (0. 0158)
Acinetobacter 0. 0000 0.0000
Chromobacterium + 0.3280 <0.0593) 0.3674 (0.0610)
coryneform + 0.4845 (0.0698) 0.0562 (0.0092)
Staphylococcus 0.6310 (0.0952) 0.0428 (0.0078)
V.B- Pure culture attachments were performed with each mixed suspension
to monitor any change in a bacterium's attachment ability.
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TABLE 7.2 (Continued)
BACTEKIA ATTACHMENT RESULTS
INVESTIGATED PURE CULTURE MIXED SUSPENSION
Chromobacterlura + 0.3325 <0.0564) 0.1576 (0.0218)
coryneform + 0.4915 <0.0650) 0.0351 (0.0067)
Acinetobacter 0.'0000 0. 0000
Chromobacterium + 0.3056 (0.0520) 0.2874 (0.0392)
coryneform + 0.4685 (0.0668) 0.0479 (0.0096)
Pseudomonas 0.3152 (0.0553) 0.1469 (0.0280)
Chromobacterium + 0.2970 (0.0417) 0.1258 (0.0180)
Staphylococcus + 0.6741 (0.1148) 0.0316 (0.0074)
Acinetobacter o.<3000 0. 0000
Chromobacterium + 0.2861 (0.0382) 0.3469 (0.0425)
Staphylococcus + 0.6137 (0.0970) 0.0521 (0.0092)
Pseudomonas 0.3253 (0.0440) 0.2718 (0.0372)
Chromobacterium + 0.2938 (0.0375) 0.1587 (0.0254)
Pseudomonas + 0.3127 (0.0392) 0.1035 (0.0198)
Acinetobacter 0.0000 0. i0000
coryneform + 0.4482 (0.0664) 0.2538 (0.0347)
Staphylococcus + 0.6631 (0.0968) 0.1170 (0.0201)
Acinetobacter 0. 0000 0. (oooo
coryneform + 0.4528 (0.0630) 0.0231 (0.0062)
Staphy1ococcu s + 0.6015 (0.0899) 0.0712 (0.0126)
Pseudomonas 0.3053 (0.0392) 0.4627 (0.0637)
coryneform + 0.4630 (0.0629) 0.0347 (0.0072)
Pseudomonas + 0.3185 (0.0386) 0.1659 (0.0317)
Acinetobacter 0.0000 0.0000
Staphy1ococcu s + 0.6052 (0.0938) 0.0814 (0.0115)
Pseudomonas + 0.2846 (0.0362) 0.1257 (0.0261)
Acinetobacter 0.0000 0.0000
M .B- Pure culture attachments were performed with each mixed suspension 
to monitor any change in a bacterium's attachment ability.
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Aeromnnag was always the dominant member of the biofllm attaching least 
as well as in pure culture, in the presence of the other bacteria, 
except for Acinetobacter which significantly reduced the attachment of 
Aeromonas compared to the attachment of pure cultures of this organism.
Chromobacterlum and Pseudomonas rarely attached as well in mixed 
culture as they did in pure culture, although there were exceptional 
cases, Chromobacterlum plus Pseudomonas plus Staphylococcus where the 
presence of Staphylococcus increased the attachment of Chromobacterium. 
There were other cases where the presence of a Oram-positive bacterium 
increased the attachment of one or both of Chromobacterium and 
Pseudomonas.
Staphylococcus never attached as well in mixed culture as It did in 
pure culture, with the attachment value decreasing some 90% usually. The 
presence of Staphvlococcus also greatly affected the attachment of other 
species usually increasing the attachment of one of the members of the 
three membered community, but there were cases where Staphylococcns 
appeared to be inhibitory to attachment. It is assumed that the 
inhibition of attachment of St.aphylneocene was caused by the competition 
for attachment sites being won by the other species which were usually 
Gram-negative.
The coryneform was usually worse at attaching in the presence of 
competitors than in pure culture. Aclnetobacter. however, never attached 
in pure or mixed culture. Indeed, in mixed culture Aclnetobacter seemed 
to inhibit the attachment of the other members of the community. Even 
Aeromonas which seemed to be unaffected by other species showed some 
decrease in attachment ability in the presence of Aclnetobacter.
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7.4.1. CC) Foul— me inhered suspensions
Table 7.3 shows the result for four membered-suspensions compared to 
the pure culture suspensions in the model system In Tocll Lake water.
The results are more complex than In the previous simpler systems 
but once again, where It was one of the community members, Aernmnnas 
attached better than the other bacteria in the suspension, although as 
expected the best attachment in pure culture was shown by 
Staphylococcus. Once again Aclnetobacter failed to attach and reduced 
the attachment ability of other species. In these complex suspensions, 
none of the other species attached at any significant rate and a 90% 
reduction in attachment ability was commonplace. Even the attachment of 
Aeromonas was always reduced compared to the attachment ability of the 
pure culture (the overall mean was significantly decreased from 0.5052 
to 0.2658. The coryneform also failed to attach in three of the six 
combinations and attachment was very much reduced in the other three 
cases (overall attachment 0.0364 compared to 0.4288 for the pure 
culture). As with the other suspensions, Staphylococcus attached poorly 
in the mixed suspension (overall attachment 0.0328 compared to 0.6126 
for the pure culture).
7.4.1. <D> Five—membered suspensions
Table 7.4 shows the results for the pure cultures and five-membered 
suspensions of bacteria in the model system in Tocil Lake water.
Again, only Aa-mmrums attached to any great extent but attachment 
was always lower than for pure culture. All the other species attached 
significantly worse than when in pure culture, with Acinetobacter again 
failing to attach at all.
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TABLE 7.3 Attachment of bacteria In pure culture and In a nixed
suspension with three other bacterial species In the model 
system. The temperatures during these experiments were within 
the range 8°C to 15°C.
BACTERIA ATTACHMENT RESULTS
INVESTIGATED PURE CULTURE MIXED SUSPENSION
Aeromonas + 0.4872 <0.0681) 0. 3875 (0.0560)
Chromobacterium ♦ 0.2973 <0. 0448) 0. 0759 (0.0106)
coryneform + 0.4530 <0. 0612) 0. 0000
Staphylococcus 0.6259 (0.0926) 0. 0000
Aeromonas + 0.5038 <0.0675) 0.2552 (0.0389)
Chromobacterium + 0.3255 (0. 0420) 0. 0651 (0.0092)
coryneform + 0.4297 (0. 0614) 0. 0000
Acinetobacter 0. 0000 0. 0000
Aeromonas + 0.5276 <0.0685) 0.3629 (0.0520)
Chromobacterium + 0.3185 (0.0431) 0. 0682 (0.0089)
coryneform + 0.4075 <0.0534) 0. 0000
Pseudomonas 0.2863 <0.0372) 0. 0429 (0.0061)
Aeromonas + 0.4995 <0. 0623) 0. 1947 (0.0286)
Chromobacterium + 0.3136 <0.0428) 0. 0368 (0.0050)
Staphylococcus + 0.6057 (0.0896) 0. 0000
Acinetobater 0.0000 0. 0000
Aeromonas + 0.5126 <0. 0665) 0. 1438 (0.0237)
Chromobacterium + 0.2874 (0.0380) 0. 0421 (0.0059)
Pseudomonas + 0.2910 (0.0405) 0. 0472 (0.0065)
Acinetobacter 0. 0000 0. 0000
Aeromonas + 0.4837 (0.0624) 0. 3527 (0.0531)
Chromobacterium + 0.2916 (0.0436) 0. 0586 (0.0076)
Pseudomonas + 0.3021 (0.0435) 0. 0382 (0.0058)
Staphylococcus 0.6170 (0. 0950) 0. 0000
Aeromonas + 0.5219 (0. 0652) 0. 1635 (0.0281)
coryneform + 0. 4178 (0. 0550) 0. 0347 (0.0054)
Staphylococcus + 0.5992 (0. 0881) 0. 0326 (0.0047)
Acinetobacter 0.0000 0. 0000
Aeromonas + 0.4615 (0.0620) 0. 3516 (0.0492)
coryneform + 0.4327 (0. 0597) 0. 0000
Staphylococcu s + 0.6210 (0. 0851) 0. 0000
Pseudomonas 0.2915 (0. 0356) 0. 0512 (0.0085)
N.B- Pure culture attachments were performed with each mixed suspension
to monitor any change in a bacterium's attachment ability.
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TABLE 7.3 (Continued)
BACTERIA ATTACHKEHT RESULTS
IEVESTIGATBD PORE CULTURE MIXED SUSPEESIOI
Aeromonas + 0.4526 <0.0627) 0.1726 (0.0225)
coryneform + 0. 4648 (0.0581) 0. 0000
Aclnetobacter + 0.'0000 0.0000
Pseudomonas 0.3016 <0.0413) 0,0516 (0.0087)
Aeromonas + 0. 4627 <0.0659) 0.1857 (0. 0238)
Staphylococcus + 0.6118 (0.0815) 0. 0000
Aclnetobacter + 0. 13000 0. 0000
Peudomonas 0.2950 <0.0340) 0.0348 (0.0051)
Chromobacterium + 0.3169 (0.0440) 0.2537 (0.0365)
coryneform + 0.4328 (0.0539) 0.0426 (0.0061)
Staphylococcus + 0.6150 (0.0921) 0.0330 (0.0046)
Pseudomonas 0.3158 (0.0416) 0.0492 (0.0060)
Chromobacterium + 0.3259 (0.0452) 0.1362 (0.0253)
coryneform + 0.4317 (0.0528) 0.0319 (0.0045)
Pseudomonas + 0. 2861 (0.0427) 0.0353 (0.0049)
Aclnetobacter 0. 0000 0.0000
Chromobacterium + 0. 3258 (0.0417) 0.1420 (0.0217)
coryneform + 0.4581 (0.0576) 0.0329 (0.0059)
Staphylococcus + 0. 6036 (0.0847) 0.0361 (0.0054)
Acinetobacter 0. 0000 0. 0000
Chromobacterium + 0. 3360 (0.0426) 0.1295 (0.0224)
Staphylococcus + 0.6415 (0.0905) 0. 0000
Aclnetobacter + 0. 0000 0. 0000
Pseudomonas 0.2985 (0.0362) 0.0391 (0.0056)
coryneform + 0. 4328 (0.0583) 0.0368 (0.0051)
Staphylococcus + 0.6159 (0.0892) 0.0000
Aclnetobacter + 0.0000 0.0000
Pseudomonas 0.3150 (0.0398) 0.1279 (0.0195)
I.B- Pure culture attachments were performed with each mixed suspension 
to monitor any changes In a bacterium's attachment ability.
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TABLE 7.4 Attachment of bacteria In pure culture and In a mixed
suspension with four other bacterial species In the nodel
system. The temperatures during these experiments were within
the range 8°C to 15°C.
BACTERIA ATTACHMENT RESULTSINVESTIGATED PURB CULTORE NIXED SUSPENSION
Aeromonas + 0.4915 (0.0547) 0.3872 (0.0490)
Chromobacterlum + 0.2836 (0.0361) 0.0421 (0.0065)
Staphy1ococcu s + 0.6315 (0.0987) 0.0368 (0.0049)
coryneform + 0.4835 (0.0558) 0.0320 (0.0042)
Pseudomonas 0.2960 (0.0375) 0.0624 (0.0092)
Aeromonas + 0.4681 (0.0524) 0.1369 (0.0236)
Chromobacterlum + 0.3154 (0.0445) 0.0316 (0.0034)
coryneform + 0.4620 (0.0548) 0.0427 (0.0061)
Pseudomonas •f 0.2962 (0.0416) 0.0530 (0.0073)
Aclnetobacter 0.0000 0.0000
Aeromonas + 0.5120 (0.0562) 0.2260 (0.0326)
Chromobacterlum + 0.2916 (0.0369) 0.0527 (0.0076)
coryneform + 0.4428 (0.0510) 0.0371 (0.0045)
Staphylococcus + 0.6120 (0.0875) 0.0291 (0.0040)
Acinetobacter 0. 0000 0.0000
Aeromonas 0.4840 (0.0531) 0.1528 (0.0216)
Chromobacterium + 0.3016 (0.0397) 0.0513 (0.0076)
Staphylococcus + 0.6321 (0.0926) 0.0371 (0.0052)
Aclnetobacter + 0.0000 0.0000
Pseudomonas 0.3050 (0.0359) 0.0518 (0.0070)
Aeromonas + 0.4892 (0.0528) 0.1526 (0.0219)
coryneform + 0.4730 (0.0551) 0.0327 (0.0050)
Staphylococcus ♦ 0.6386 (0.0912) 0.0380 (0.0057)
Aclnetobacter + 0.0000 0.0000
Pseudomonas 0.2952 (0.0360) 0.0613 (0.0088)
Chromobacterlum + 0.3149 (0.0406) 0.2370 (0.0328)
coryneform + 0.4510 (0.0561) 0.0368 (0.0047)
Pseudomonas + 0.3182 (0.0419) 0.0627 (0.0093)
Staphylococcus + 0.6062 (0.0895) 0.0237 (0.0036)
Aclnetobacter 0.0000 0.0000
N. B- Pure culture attachments were performedwlth each mixed suspension 1
to monitor any change In a bacterium s attachment ability. 1
170 1
7.4.1. <E> Sixmembered suspension
In this single experiment with all six members of the community 
together, again only Aeromonas attached but this was significantly 
reduced compared to the pure culture. Both Staphylncncous and 
Aclnetobacter failed to attach and Chromobacterium. Pseudomonas and the 
coryneform attachment abilities were significantly reduced (Table 7.5>.
7.4.2 Temperature and Attachment
The above experiments were performed when the average temperature of 
the lake was 9°C, during the winter months the average temperature of 
the lake was 3°C. This allowed the model system and the attachment 
abilities of the bacteria to be investigated at a different temperature 
range. The results for the attachment of a selection of species in pure 
culture and in mixed suspensions at an average temperature of 3°C are 
shown in Table 7.6. Only a small selection of the mixed suspensions used 
at 9°C could be investigated at 3°C due to the lake water temperature 
not falling into the 3°C range for any lengh of time throughout the 
year.
There was no significant <P>0.05> difference in the attachment of 
pure cultures of Aeroaonas or of Chromobacterium at 3°C or 9°C. The 
experimental temperatures used in these attachment experiments were 
lower than those used in the attachment experiments for batch cultures 
(Chapter 4). The results obtained, however, were similar with no 
significant change in the attachment of Aeromonas or Chromobacterium in 
pure culture demonstrated when the attachment temperature was increased 
from 15°C to 25°C. The attachment of pure cultures of Staphylococcus and 
the coryneform in the model system was significantly reduced at 3°C 
compared to 9°C. These model system results could not be compared with
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TABLE 7.5 Attachment of bacteria in pure culture and in a mixed
suspension with five other bacterial species in the model 
system. The temperatures during these experiments were within 
the range 8°C to 15°C.
BACTBKIA ATTACHJtEIT RESULTS
INVESTIGATED PURE iCOLTURB MIXED SUSPEISIOI
Aeromonas + 0.5106 <0.0627) 0.1572 (0.0237)
Chromobacterium + 0.2931 (0.0382) 0.0416 (0.0053)
Staphylococcus + 0.6352 (0.0917) 0.0000
coryneform + 0.4826 <0.0570) 0.0319 (0.0043)
Acinetabacter + 0. '0000 0.0000
Pseudomonas 0.3142 <0.0408) 0.0396 (0.0050)
B.B- Pure culture attachments were performed with each mixed £
to monitor any change in a bacterium's attachment ability.
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TABLE 7.6 Attachment of bacteria In pure culture and In a nixed
suspension with different nunbers of other bacterial species 
In the nodel system. The temperature during these experiments 
were within the range 1°C to 5°C.
BACTERIA ATTACHMENT RESULTS
INVESTIGATED PUKE CULTUKB NIXED SUSPENSION
Aeromonas + 0.5626 (0.0630) 0.4362 (0.0560)
Chromobacterium 0.4872 (0.0528) 0.2731 (0.0336)
Aeromonas + 0.5482 (0.0605) 0.4382 (0.0508)
Aclnetobacter 0. 0000 0.0000
Aeromonas + 0.5379 (0.0616) 0.5270 (0.0642)
Staphylococcus 0. 0000 0.0000
Chromobacterium + 0.3827 (0.0431) 0.2158 (0.0296)
Aci netobacter 0. 0000 0.0000
Chromobacterium + 0.3650 (0.0415) 0.3728 (0.0448)
Staphylococcus 0. 0000 0.0000
coryneform + 0.2875 (0.0361) 0.2653 (0.0358)
Staphylococcus 0. 0000 0.0000
Aeromonas + 0.5372 (0.0617) 0.3921 (0.0473)
Chromobacterium + 0.3659 (0.0435) 0.0825 (0.0094)
Acinetobacter 0.0000 0.0000
Aeromonas + 0.5421 (0.0630) 0.4316 (0.0524)
Chromobacterium + 0.3487 (0.0451) 0.1734 (0.0247)
Staphylococcus 0. 0000 0.0000
coryneform + 0.2951 (0.0328) 0.1490 (0.0226)
Staphylococcus + 0. 0000 0.0000
Aclnetobacter 0. 0000 0.0000
Aeromonas + 0.5236 (0.0618) 0.3729 (0.0460)
Chromobacterium + 0.3519 (0.0421) 0.0695 (0.0089)
Staphylococcus + 0. 0000 0.0000
Aclnetobacter 0. 0000 0. 0000
Aeromonas + 0.5128 (0.0623) 0.4620 (0.0539)
Chromobacterium + 0.3268 (0.0462) 0.1327 (0.0241)
coryneform + 0.2731 (0.0360) 0.0426 (0.0057)
Staphylococcus 0. 0000 0.0000
i.B- Pure culture attachments were performed with each mixed suspension 
to monitor any change In a bacterium's attachment ability. Only a 
selection of the mixed suspensions Investigated at the other 
temperature range were studied here due to the limited period of 
time the lake water was at this temperature range.
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batch culture results as no change In the attachment of the 
Staphvlococcus or the coryneform was observed when the attachment 
temperature was increased from 15°C to 25°C.
In mixed suspensions at 3°C there was a significant reduction in the 
attachment of Aeromonas compared to the pure culture results , as there 
was in most cases at 9°C. The attachment of the r.hrnmnhacterlnni was also 
slgniflcatly reduced in mixed suspensions (with the exception of the 
mixed suspension with Staphylococcus) again this was also seen at 9°C. 
The coryneform was also affected by the other members of the mixed 
suspensions as at 9°C. Staphy1ococcus had no effect on coryneform 
attachment but the other members including Aclnetobacter did reduce 
coryneform attachment. The effects of Aclnetobacter on attachment of 
other species was slightly less at 3°C than it was at 9°C.
7.4.3 Bacterial Blofllms
The bacterial biofilms obtained in these studies consisted of 
bacterial cells densely packed together to form the blofllm. The 
bacterial cells themselves were generally smaller than those which 
attached in batch cultures. In some cases, these bacterial cells were 
one tenth the size of the bacterial cells obtained in batch culture 
experiments. The only species which could be microscopically identified 
was Staphylococcus. This could be done if the attached bacteria were 
Gram stained and this resulted in the Gram-positive Staphylococcus being 
identified. The other species in the blofllm appeared similar and could 
not be distinguished.
On microscopic investigation of the blofllm, Staphylococcus was not 
Identified in blofllms formed from mixed suspensions, even though it was 
present in the blofllm. Staphylococcus must, therefore, have been
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covered by the other species in the biofilm. This suggests that 
Staphylococcus in a mixed bacterial suspension was one of the first 
species to attach to the surface. To try and establish where the other 
species were sited in the blofilms, immunofluorescence techniques were 
used. It was hoped that the bacteria on top of the blofllm could be 
identified using antisera linked to a fluorescent stain raised against 
each bacterium.
7.4.4 Immunofluorescence Studies
Antisera were raised against Chromobacterium. Pseudomonas and 
coryneform. For an unknown reason an antiserum could not be raised 
against Anrinm-mas. Vhen these antisera were used to investigate the 
bacterial blofilms, no immunofluorescence was observed in the biofilm. 
The antisera worked on the dried smears of the original bacterial 
isolates. Therefore, the attached bacteria must have changed 
sufficiently for the antisera not to identify them.
7.5 DISCUSSION
7.5.1 Blofllm and Its BnvironmBnt
The bacterial attachment observed in different aquatic environments 
can vary greatly depending on the aquatic environment being investigated 
(Goulder, 1977; Hanson, 1977). Therefore, the biofilms obtained in batch 
experiments and in the model system would be expected to be 
different. Environmental factors such as seasonal changes within Tocil 
lake, could Influence bacterial attachment in the model system as was 
demonstrated with the temperature experiments. Unfortunately very few 
studies on the factors influencing bacterial attachment in aquatic 
environments have been carried out (Cammen, 1962), and the information 
available for the attachment of bacteria to surfaces in aquatic
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environments Is limited. Due to this shortage of Information on 
bacterial attachment In natural aquatic environments only suggestions 
can be made of the environmental factors which could Influence bacterial 
attachment.
The blofllms obtained with the model system were more dense In the 
numbers of bacteria Involved. As this blofllm develops, metabolic 
problems would occur, the main one being the availability of oxygen 
within the biofilm. This would not be a important factor in laboratory 
studies due to the short attachment times Involved. Vhen this problem is 
studied with a pure culture, during colony formation, oxygen can become 
limited in certain areas of the developing colony leading to the 
development of anoxic areas. As these anoxic areas Increase, toxic 
metabolite accumulation and eventual cessation of growth can occur 
(Fraleigh, 1986). If this problem occurs with pure cultures, then it 
should also occur within mixed bacterial blofllms. A build up of toxic 
metabolites or a lack of oxygen within a blofllm would Influence its 
development. Therefore, these factors could be Important In biofllm 
development In aquatic environments, especially if the blofllm becomes 
too extensive. This might be the case in natural aquatic environments, 
although numerous other factors could be more Important In determining 
the size of the resulting blofllm.
Characteristics of free-floating and attached bacteria of 44 diverse 
freshwater and seawater environments were studied to determine the 
factors which significantly Influence bacterial attachment (Bell, 1982). 
The factors found to be of significance were salinity, particulate load 
and the heterotrophlc uptake of glucose and amlno-aclds. Salinity and 
particulate load were not thought to be Important factors In these
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experiments. The salinity of the lake investigated was shown to change 
very little during the experimental periods. Also the particulate matter 
within the model system changed very little due to the filters on the 
model system. It was thought that the uptake of nutrients by the 
different species present would have more influence on the resulting 
biofilm. It can be seen from the results in Chapter 4 that nutrients 
have an important Influence on blofilm development.
With phytoplankton (Albright, 1986) and possibly with some bacteria, 
senescent members of the populations could release nutrients which could 
be used by the bacteria in close proximity to these microorganisms.
This could lead to bacteria attaching in increasing numbers in these 
areas, and in some cases, large aggregates of bacteria have been seen to 
form. On investigation the major component holding these aggregates 
together is the bacterial glycocalyx (Biddanda, 1985). Usually this 
glycocalyx formed only in bacteria in nutrient-rich conditions. —
Therefore, the nutrient conditions which allowed this glycocalyx to form 
were created due to the senescent members of the populations involved. 
This particular situation may not be common in natural aquatic 
environments, but the importance of the different nutrient sources 
available to bacteria and their Influence on bacterial attachment must 
be considered. A sudden change in the main nutrient in an aquatic 
environment could result in a completely new blofllm forming on a solid 
surface within that environment (Chapter 5).
Apart from the environmental conditions already investigated in the 
laboratory studies, other environmental factors found in natural aquatic 
environments may Influence the blofllms found on surfaces In these 
aquatic environments. Blghmy (1985), has demonstrated that turbulence
177
can be an important factor to consider in natural aquatic environments, 
as turbulence has been shown to Influence the nutrient transport systems 
of bacteria in biofilms, These transport systems were affected as 
turbulence caused changes in the outer membranes, the site of these 
transport systems of the bacteria investigated. In these experiments 
bacteria were shown to have alternative transport systems which could be 
used when the bacterium adapted to the turbulent conditions. If this 
occurred in Tocil Lake where turbulence varied depending on factors such 
as rainfall in the areas of Tocil Lake where the model systems were 
situated, this would result in different bacterial transport systems 
being used. If the bacteria involved in a biofilm did not have an 
alternative transport system then the bacterial blofllm could change 
altogether depending on the bacteria best suited to the turbulent 
conditions.
In natural aquatic environments, another factor which could affect 
the bacterial population and, therefore, the attached bacteria, is the 
phenonemon of settling out. Free-living bacteria have lower rates of 
sinking than that of attached bacteria. In some cases up to 67% of the 
bacterial population of an aquatic system has been seen to settle out 
(Ducklow, 1982). The importance of this process in aquatic environments 
will depend on the bacteria which are settling out and on the importance 
of the attached bacteria within the aquatic system. If in conditions of 
high particulate load within a system, the dominant attached bacteria 
could be lost from the liquid phase due to settling out, this would 
result in future blofllms having a new dominant bacterium. Attached 
bacteria have also demonstrated a seasonal trend in activity (Lovell,
1985), with late summer being the time of year when attached bacterial
178
activity was at its greatest. Therefore, attached bacteria in summer 
months may be Influenced more by nutrient availability than any other 
factor, due to their greater activity. This could indicate that the 
importance of other parameters on attached bacteria will depend on the 
season in which the investigation was carried out.
7.5.2 Microorganisms in Aquatic Environments
Bacteria are not the only organisms present in natural aquatic 
environments. It is, therefore, possible that the other organisms 
present will Influence how a biofilm develops. In succession studies, 
this has been indicated when different bacteria replace one another in 
the biofilm development (Chapter 1). Also in the latter stages of 
succession, organisms such as protozoa influence the biofilm development 
and, therefore, must be studied (Fletcher, 1982). When the different 
organisms are studied in more detail some ideas on how they could 
influence bacterial biofilms are obtained
The importance of bacteria on the attachment of other bacteria has 
been discussed in Chapter 6. A good example of this is when biologically 
activated carbon (BAC) was investigated in filters at different water 
plants, specialised bacterial communities developed. Species such as 
Pseudomonas. Flavobacterlum and Aclnetobacter. were the dominant 
bacteria on the BAC. Hygienically-relevant bacterial 6pecles such as 
conforms were found in the effluent of these plants but never on the 
BAC (Rolllnger, 1987). As discussed in Chapter 6 the bacteria were 
thought to act as antagonists towards conforms, and it is possible that 
different bacteria could act as antagonists to a range of bacteria. In 
other circumstances bacteria could produce bacteriocins, mlcroclns or 
enzymes, which under the right conditions could Influence bacterial
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attachment. Also in biofllm development in the natural environment, 
bacteria will attach on top of one another. Komiyama (1984) has 
demonstrated this, and its importance must be considered (Chapter 6).
In natural aquatic environments, many different organisms will be 
present. These organisms may Influence bacterial blofilm development in 
various ways. In some ecosytems, phytoplankton are the major organic 
substrate for heterotrophic bacteria. Research has indicated that the 
physiological state of the phytoplankton can Influence the attachment of 
the heterotrophic bacteria. The attachment of these bacteria Increased 
at the same time as the phytoplankton growth started, but attachment 
decreased as the phytoplankton grew, and only when growth had stopped 
did attachment of the bacteria again increase. The attachment pattern 
demonstrated was due to a close coupling between the physiological state 
of the phytoplankton and their associated bacteria (Albright, 1986). 
Phytoplankton in natural aquatic environments have also been shown to 
produce antibiotic-like substances which could inhibit the growth and 
attachment of bacteria. If these substances were formed during the 
growth phase of the phytoplankton, this would account for the decrease 
in bacterial attachment observed (Cooper, 1983). Phytoplankton have also 
been shown to have cell-attached bacterial growth inhibitors which could 
Influence bacteria and their attachment in natural aquatic environments 
(Cooper, 1983). This is a good example how one organism can inhibit or 
promote the attachment of a bacterium. It also demonstrates some of the 
different methods used to inhibit bacterial attachment in the natural 
aquatic environments.
Toxins produced in the natural environment have been shown to 
Influence bacterial populations (Liang, 1982). Therefore, such
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substances produced by different microorganisms In aquatic environments, 
could Influence bacterial attachment. Other substances could be present 
In the natural aquatic environment which could Influence attachment. 
Macromolecules which are present prior to bacterial attachment and 
involved in forming the conditioning layer (Chapter 1), can influence 
bacterial attachment. It Is also possible that these macromolecules 
could influence bacterial attachment once the bacteria have attached to 
the surface. The overall importance of these macromolecules In 
attachment is questionable. Macromolecules have been shown not to 
influence bacterial attachment (Gordon, 1987), and in other instances 
bacterial attachment is decreased if macromolecules are present. It is 
likely that the effects of macromolecules on bacterial attachment are 
dependent on the bacteria under investigation. Abrahams (1983), showed 
that human buccal epithelial cells, rich in the macromolecule 
fibronectln, bound only Gram-negative bacteria and not Gram-positive 
bacteria. When fibronectin was not present Gram-positive bacteria were 
seen to attach, hence, this macromolecule influenced the attachment of 
bacteria to the cells.
Inorganic particles found in natural aquatic environments could not 
have entered the model system due to the membrane filters used. Gordon 
(1983) demonstrated that bacterial activity was not enhanced by 
particulate material. Bacteria, however, could attach to these particles 
if they were present in the model system, and this could result in 
decreased numbers of bacteria attaching to the glass surfaces in the 
model system.
Other members of the natural aquatic community will also be 
important in bacterial biofilm development. A good example of this is
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the importance of predators, such as microflagellates, on bacterial 
populations in aquatic environments (Alexander, 1981). Heterotrophic 
microflagellates are often seen associated with particulate matter, 
(Caron, 1986; Davoll, 1983) and in some instances a high affinity for 
surfaces is exhibited by these protozoa, which is surprising as many 
species of microflagellates graze suspended bacteria (Davis,1984). 
Attached microflagellates have been shown to graze suspended bacteria, 
and attachment to surfaces is believed to increase the efficiency of the 
flagella movements used to create feeding currents (Fenchel, 1982).
Caron (1987) investigated the grazing habits of four heterotrophic 
microflagellates on an attached and unattached Psendom-maR and showed 
that two of the microflagellate species grazed on the unattached 
bacteria but had no ability to graze on attached bacteria, whereas the 
other two microf lagellates grazed on the attached PRaiidnTnrmaR to a 
greater extent than the unattached PRanrinnirmaR. in these studies the 
growth of the latter two species of microflagellates was seen to be 
related to the density of attached bacteria. Therefore, the presence of 
the mlcroflagellates could be related to the distribution of suspended 
particles and their associated bacteria. In coastal marine environments 
it has been suggested that microflagellates utilise up to 60% of the 
bacterial biomass and, therefore, are very significant in these aquatic 
environments. The importance of these studies to freshwater aquatic 
habitats is questionable, however, the importance of grazing on 
bacterial biofilms in freshwater cannot be overlooked.
Apart from microflagellate grazing, the biomass of bacteria could 
also be Influenced by other factors such as lysis. This lysis could be 
spontaneous or Induced by bacterial predators or by bacteriophage
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(Caslda, 1980). In the experiments described here the importance of 
grazing or of of predation is questionable as the membranes used in the 
model system would prevent this. Autolysis or bacteriophage-induced 
lysis, however, could influence biofllm development in our model system. 
The bacteriophage population in rivers has been shown to vary with 
factors which also influence bacterial populations and bacterial 
attachment. These factors Include temperature and particulate matter.
It is possible that phage could influence biofllm development if their 
hosts were part of the bacterial biofilm concerned (Huttall, 1987). As 
with much of this discussion however much more work is required to 
understand bacterial attachment in natural aquatic environments and the 
factors which influence that attachment.
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CHAPTER EIGHT
AI IIVBSTIGATIOI IITO THE I1HIBITIQI OF BACTERIAL ATTACHXEET BY
ACIMBTOBACTBR■ AID THE EFFECTS OF DIFFEEBIT MOLECULAR WEIGHT LAKE VATER
FRACTIOIS Ol THE ATTACHMEIT OF BACTERIA.
8.1 AIM
To Investigate bacterial attachment in the presence of 
Aclnetobacter. the species which Influenced the attachment of another 
species in a mixed bacterial suspension (Chapter 7>. This study was 
designed to try and establish the mechanism of inhibition of attachment 
by Acinetobacter. The attachment of bacteria in the model system 
(Chapter 7) was harder to interpret than the bacterial attachment 
results obtained in batch culture. To aid the understanding of the 
results from the model system, the Influence of different molecular 
weight fractions of Tocil Lake water*on bacterial attachment was 
studied.
8.2 IHTRODUCTIOI
In Chapter 7 Aclnetobacter was found to reduce the attachment of 
the other members of a mixed suspension in all the cases studied. 
Experiments were therefore designed to try and establish the method by 
which Aclnetobacter inhibited attachment of other species. It is 
possible that Aclnetobacter physically stopped the other species from 
attaching to the surface. As Aclnetobacter itself did not attach to the 
surface under any conditions, this inhibition was not due to physical 
hlnderence. It is possible that Aclnetobacter Itself physically reacted 
with the other bacterial cells prior to attachment and altered their 
attachment ability, Aclnetobacter could alternatively produce a chemical
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which could Influence the attachment of the other species. This chemical 
could be produced for this specific purpose, or, more realistically, 
produced by Aclnetobacter for another purpose. In the latter case this 
chemical could even be a waste product, but to be effective the chemical 
would have to be secreted into the liquid medium, and not remain bound 
to the bacterial surface.
In the laboratory, the composition of the growth medium was shown to 
influence, bacterial attachment (Chapters 4 and 6>. In the natural 
environment the composition of the attachment medium was hard to 
establish. For Instance the chemical composition of dissolved organic 
carbon (DOC) in natural waters is incompletely characterised and 
therefore, its effect cm bacterial attachment is hard to assess.
Tranvik (1990) and Heyer (1987) demonstrated that particular 
fractions of the DOC could Influence the growth of bacteria, therefore, 
it is possible that different molecular weight fractions obtained from 
Tocll Lake water could Influence bacterial attachment. Membranes with 
different pore sizes were used to remove specific fractions from Tocil 
lake water, and these different lake water fractions investigated for 
their influence on bacterial attachment.
8.3 MATERIALS AMD METHODS
8.3.1 Bacteria
Stock cultures of Aeroaoaas, Chromobacterium. Staphylococcus and 
Acinetobacter were prepared in glucose minimal media as in Section
7.3. 1.
8.3.2.(A) Inhibition of Bacterial Attachment by Acinetobacter
The mechanism by which Acinetobacter influenced the attachment of 
other species in the model system was investigated using batch culture
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attachment experiments. Aclnetobacter as in the model system did not 
attach during batch culture attachment experiments (Chapter 3). The 
attachment of other species in the presence of Acinetobacter could 
therefore be investigated in the laboratory where growth conditions 
could be controlled.
The mechanism by which Acinetobacter influenced bacterial attachment 
could be due to a chemical produced specifically for this purpose, or as 
part of another process e.g. a waste product. The latter would be 
produced even when another species was not in suspension with the 
Acinetobacter. but would be subject to nutritional control. If the 
substance was produced specifically to influence the attachment of other 
species, it would only be produced when another species was present. 
Alternatively, the Aclnetobacter cell itself might have to be present to 
influence bacterial attachment. This could be due to a chemical on the 
surface of the Aclnetobacter cell influencing attachment of other 
species, or due to Ac!netobacter cells themselves interacting with the 
other species in the liquid phase, to inhibit attachment.
To investigate if Aclnetobacter produced a substance which 
influenced the attachment of other bacterial species, samples of 
Aeromonas. Chromobacterium. Staphylococcus and Aclnetobacter were grown 
in batch culture in glucose Medium 6 at 15°C until late stationary phase 
as in Chapter 4. Mixed suspensions of bacteria were prepared as in 
Chapter 4 with Acinetobacter in a mixed suspension with each of the 
other species. Attachment experiments were performed with each of these 
mixed bacterial suspensions for two hours (Section 3.3.4). Once 
attachment experiments were completed, the surfaces were removed and the 
bacterial cells were centrifuged at 10,000, ay.g for 15 mins to seperate
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them from the supernatant. This supernatant was kept for future 
attachment experiments. If Aclnetobacter produced a substance which 
influenced bacterial attachment, it would be present in this 
supernatant.
Aeromonas. Chromobacterium and Staphylococcus were grown in batch 
culture in 90ml glucose Medium 6 at 15°C until late stationary phase.
10ml of the supernatant from the appropriate attachment experiment was 
added to each flask along with glass coversllps. Attachment experiments 
were performed for two hours, and the attachment of the bacterium 
compared to the attachment in the controls with no supernatant obtained 
from the above experiments.
The latter experiment investigated the supernatants during mixed 
suspension attachments with Aclnetobacter. to determine if a chemical 
substance was produced by Aclnetobacter to influence the attachment of 
other species when they were in a mixed suspension. To investigate if 
Acinetobacter cells had to be present to account for attachment 
inhibition, Aclnetobacter cells were again grown in batch in glucose 
Medium 6 at 15°C to late stationary phase. These Aclnetobacter cells 
were separated from the supernatant by centrifugation at 10,000 av.g for 
15 mins. Acinetobacter cells were killed to prevent them producing 
chemicals to inhibit bacterial attachment by washing in 0.5% 
formaldehyde. These Acinetobacter cells were used in subsequent 
attachment experiments after being washed three times in 1M phospate 
buffer. Viable counts were taken before and after formaldehyde treatment 
indicated that the formaldehyde treatment was 99.99% successful at 
killing Aclnetnhacter.
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Aeraaonas, Chromobacterlum and Staphylococcus were grown In glucose 
Medium 6, at 15°C in batch culture, until late stationary phase. These 
bacteria were then separated from the supernatant by centrifugation at 
10,000 av.g for 15 mins. Equal numbers of Aeromonas. Chrnmnhacterlum and 
Staphylococcus were resuspended in the appropriate supernatant with the 
same number of killed Aclnetobacter cells. Attachment experiments were 
then performed as in Section 3.3.4 after the addition of glass 
coverslips. After the attachment experiments were completed the surfaces 
were investigated as in Section 4.3.3.
8.3.2.<B> Effect of Lake Vater Molecular Weight Fractions on Bacterial 
Attachment
The effect of different molecular weight fractions of Tocil Lake 
water on attachment of Aeromonas. Chromobacterlum and Staphylococcus was 
investigated using three different water fractions. These water 
fractions were prepared using water samples taken from a constant water 
sampling point at Tocil Lake. For each set of water fractions, two 
litres of lake water were first filtered through 0.22 pm milllpore 
filters to remove bacteria. Amicon ultrafiltration filters were prepared 
for use by soaking in ethanol for 24 hrs. These filters were washed 
extensively in sterile deionised water before use.
Lake water was filtered through an Amicon PM30, PM10 or YM2 
membrane with nitrogen pressure <10 psi) until 50 ml of water remained. 
This was done in a cold room to retard bacterial growth. Three 
concentrated water fractions were produced, (a) > 30,000 molecular 
weight material, (b) 10,000-30,000 molecular weight material and 
(c> 1,000-10,000 molecular weight material (FIGURE 8.1>.
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2 litres Tocil Lake water
filtered through 0.22^jLm millipore filter
Ni'
filtered through Amicon PM 30 membrane 
(retains material 30,000 MW)
Fraction (a)
1
Filtrate
filtered through Amicon PM 10 
(retains material 10,000)
l ' l
Fraction (b) Filtrate
V
filtered through Amicon YM 2 
(retains 1,000-10,000)
l  ----------1
Fraction (c) Filtrate
(discarded)
FIGURE 8.1
The filtration process employed to obtain water fractions 
(a), (b) and (c).
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Aeroaonas, Chrnmnbacterium and Staphylococcus were grown in batch 
culture in 90 ml of glucose Medium 6 plus 10ml of each water fraction at 
15°C until late stationary phase. Attachment experiments were performed 
as in Section 3.3.4. These bacteria were also grown in batch culture in 
90ml of glucose Medium 6 at 15°C till late stationary phase without the 
presence of water fractions. Prior to the attachment experiments 10 ml 
of each water fraction was added to each of the 90 ml of glucose Medium 
6 with the different bacteria to give a total volume of 100 ml. Controls 
were set up with each bacterium grown in batch culture in 100 ml of 
glucose Medium 6 at 15°C to late stationary phase. Attachment 
experiments were then performed as in Section 3.3.4. After attachment 
experiments were completed the surfaces were removed and investigated as 
in Section 4.3.3.
8.4 RESULTS
8.4.1.(A) Bacterial Attachment Inhibition by Aclnetobacter
FIGURE 8.2 shows the results obtained from the investigation into 
the effects of Aclnetobacter on bacterial attachment. When the 
attachment results for pure culture Aeroaonas, Chromobacterlum and 
Staphvlococcus (FIGURE 8.2 (I)) were compared with the results obtained 
when Aeromonas. Chromobacterlum and Staphylococcus were attached in a 
mixed suspension with Aclnetobacter (FIGURE 8.2 (II)> the attachment in 
the presence of Aclnetobacter was always significantly (P>0.05) lower 
than the attachment results for the pure cultures. In the case of 
Aeromonas and Chromobacterlum. the decrease in attachment was greater 
than 50%. With Staphylococcus the decrease in attachment observed was 
approximately 40%. These results demonstrate that Aclnetobacter could 
Influence the attachment of another species, when present in a mixed
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FIGURE 8.2
The attachment of (a) Aeromonas. (b) Chromobacterium
and (c) Staphylococcus in;
(I) glucose medium 6,
(II) glucose medium 6 in a mixed suspension with Acinetobacter,
(III) glucose medium 6 with mixed suspension supernatent,
(IV) glucose medium 6 with killed Acinetobacter cells.
N.B.- The medium indicated is the growth medium and the 
attachment medium.
All cultures were grown at 15®C . The temperature at 
which attachment was carried out was 15 C.
191
suspension In batch, as it did in the model system experiments (Chapter
7).
The results obtained for the attachment of Agmnnnas. 
etaoaobacter1ua and Staphylococcus in the presence of the appropriate 
Aclnetobacter supernatant results are shown in FIGURE 8.2 (III). It is 
clear that in each case this supernatant had little effect on the 
attachment of these species. The attachment results obtained were always 
comparable to the pure culture controls.
In contrast when Aeroapaas, Chromobacterium and Staphylococcus were 
attached in the presence of killed Aclnetobacter cells, changes in 
bacterial attachment were observed. Compared to the pure culture 
controls, the attachment of AerQaonas, Chromobacterium and 
Staphylococcus was significantly (P>0.05> lower in the presence of the 
killed Aclnetobacter cells (FIGURE 8.2 (IV)). In each case the results 
obtained (FIGURE 8.2 (IV)> for the attachment of these bacteria in the 
presence of dead Aclnetobacter cells were similar to the results 
obtained when these bacteria were attached in a mixed suspension with 
viable Aclnetobacter cells (FIGURE 8.2 (II)). These results suggest that 
it is the Acinetobacter cells themselves which influenced bacterial 
attachment in these studies. It is unlikely that Aclnetobacter excreted 
a chemical into the attachment medium to influence the attachment of 
other species, as this chemical would have been present in the 
supernatant used. However, it may be possible that such a chemical could 
be present on the surface of the Aclnetobacter cell Itself, or some 
other form of attachment inhibition may be present. Further studies of 
the mechanism involved in attachment inhibition by Aci net.nhacter must be 
performed before this becomes clear.
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8.4.2 Effects of Water Fractions on Bacterial Attachment
The results obtained for the effect of different Tocil Lake water 
fractions on the attachment of Aeromonas. Chrcmobacterlum and 
Staphylococcus are shown in FIGURES 8.3 and 8.4. As growth conditions 
can Influence bacterial attachment (Chapter 4), water fractions were 
first investigated after being introduced to the growth medium. These 
water fractions did not influence the growth of bacteria investigated.
In each case the growth of a bacterium in growth medium in the presence 
of a water fraction was comparable to that observed when bacteria were 
grown in growth medium without a water fraction (Table 8.1). FIGURE 8.3 
shows the attachment results obtained from these studies. As expected 
changes in the attachment of the species were observed when the 
different water fractions were present in the growth medium. AernmnnaK 
and Chiomobacterlum showed little change in their attachment in the 
presence of fraction (c) compared to the control values. With fraction 
(b) small changes in attachment of these bacteria were observed compared 
to the control value. However, when fraction (a) was present in the 
growth medium both the attachment of the Aeiomonas and Chromobacterium 
decreased significantly (P>0.05> compared to the control values.
Staphylococcus also showed little change in its attachment when 
fraction (b) and (c) was present in the growth medium compared to the 
control value. With fraction (a) however, the attachment of the 
Staphylococcus Increased compared to the control value. These results 
suggest that the presence of these different water fractions in the 
growth medium could Influence bacterial attachment.
These water fractions were also Introduced Just prior to the 
attachment experiments. This was to investigate if the changes in
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FIGURE 8.3
The attachment of (a) Aeromonas. (b) Chromobacterium
and (c) Staphylococcus in;
(control)- glucose medium 6,
(c) - glucose medium 6 plus water fraction (c),
(b) - glucose medium 6 plus water fraction (b),
(a) - glucose medium 6 plus water fraction (a).
N.B.- The medium indicated is the growth medium and the 
attachment medium.
All cultures were grown at 1 5° C . The temperature at 
which attachment was carried out was 15 C.
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attachment obtained occured due to changes in the bacteria during growth 
or if these fractions were influencing the attachment process. The 
results obtained when the water fractions were introduced prior to 
attachment are shown in FIGURE 8.4. Aeromonas and Chromobacterium 
attachment changed very little, if at all, in the presence of fractions 
(a), <b> or (c>. These results are different to those obtained when the
water fractions were introduced during growth. In the case of fraction 
(a) changes in bacterial attachment were not observed in these 
expei iments although bacterial attachment was influenced when this 
fraction was introduced to the growth medium. These results suggest that 
this water fraction influences Aeromonas and Chromobacterium before 
attachment occurs and these changes probably to the cell surface occur 
during bacterial growth.
Htaphvlococcus showed similar results to those obtained with 
Aernmnnas and Chroinobacterlum. With fraction (b) and (c), little change 
in the attachment of Staphvlococcus was observed compared to the control 
value. Changes were observed, however, with fraction (a). The attachment 
of Staphyincnccns significantly decreased compared to the control value. 
This was the opposite to the results obtained when fraction (a) was 
introduced into the growth medium. It was also different from the 
results obtained with Aeromonas and Chromobacterium with the water 
fractions introduced prior to attachment, where little change in 
attachment of these bacteria were observed. These results suggest that 
fraction (a) Influences the attachment of Staphylococcus both during 
growth and prior to attachment.
These water fractions did not appear to influence the viability of 
the cells present in the attachment or growth medium. All bacterial
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FIGURE 8.4
The attachment of (a) Aeromonas.(b) Chromobacterium 
and (c) Staphylococcus in;
(control)- glucose medium 6,
(c) - glucose medium 6 plus water fraction (c),
(b) - glucose medium 6 plus water fraction (b),
(a) - glucose medium 6 plus water fraction (a).
N.B.- The medium indicated is the growth medium only.
All cultures were grown in glucose medium 6. Prior 
to attachment experiments the water fractions (a),
(b) and (c) were added to the growth medium.
The attachment experiments were then carried out at 15 C.
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cells could be grown after these attachment experiments. The mechanism 
by which these water fractions influenced bacterial attachment is again 
unclear. As fraction (a) was seen to influence the attachment of the 
bacteria during growth and prior to attachment, it is possible that this 
water fraction Influences bacterial attachment in a number of different 
ways. It is clear these water fractions and their effects on bacterial 
attachment have to be studied in more detail.
8.5 DISCUSSIOR
The results obtained from the investigation into the inhibition of 
attachment of other species by Aclnetobacter suggest that a chemical 
substance, produced by Aclnetobacter. is not responsible for this 
Inhibition. As Aclnetobacter does not attach to the surfaces, the 
Interaction which causes the inhibition is not due to competition 
between the species for attachment sites. Inhibition only occurs when 
Aclnetobacter cells are present and possibly Involves some interaction 
between the cells in the liquid environment that prevents the cells 
attaching.
As discussed in Chapter 6 bacteria can greatly influence other 
bacterial species when present in the same environment by the production 
of specific substances like bacterlocins and extracellular enzymes. It 
is not known whether Acinetobacter produces any of these substances. 
Aernmonas hvdrophlla. a natural inhabitant of freshwater, has been shown 
to produce an enzyme which can inactivate its own adhesin (Adams, 1983). 
Imam (1990) has also demonstrated that a five day old culture of 
Arthrobacter contains an enzyme which can inhibit the adhesin of this 
bacteria. If such chemicals are produced by Aclnetobacter then they 
could Influence the attachment of other bacterial species. These
197
extracellular substances would be released from the cells into the 
medium and unllkley to be held close to the bacterial surface, but as no 
Inhibition was caused by the culture supernatants it seems unlikely that 
such extracellular material was involved. Rollinger (1987) has shown 
that less than 1% of the microbial population, isolated from activated 
carbon, produced substances which inhibited the growth of other 
bacteria. This indicates that few bacteria produce substances which can 
inhibit the growth and attachment of other bacterial species. In other 
habitats, this has also been noticed with only one bacterial species in 
34 being able to influence the growth of Haemophilus (Riley, 1986).
Cooper (1983) has shown that phytoplankton have cell-attached growth 
inhibitors which influenced the growth and attachment of bacteria. If 
such cell-attached inhibitors were present on the Aclnetohacter cells, 
these could influence the attachment of the other bacterial species in 
the attachment experiments. In Chapter 6, an example of bacteria acting 
as receptors for the attachment of other species was given (Slots,
1978). Therefore, it is possible that bacterial cells could inhibit the 
attachment of other bacterial species by having inhibitors on their 
surface, but equally some unknown method could be involved.
Substances which are associated with bacterial surfaces such as 
polymers (Corpe, 1973) and slimes (Costerton, 1978) have been shown to 
be involved in bacterial attachment. These substances have also been 
shown not to be involved in bacterial attachment (Uhlllnger, 1983). The 
function of the polymers not involved in attachment is unknown, but they 
could be involved in influencing other bacterial species coming into 
contact with the bacterium producing these polymers. This could involve 
influencing the attachment of these bacteria in some unknown way. These
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polymers could have been developed for a specific purpose such as 
attachment, however, they could In turn Inhibit the attachment of other 
bacteria instead of promoting it. Mutations in the genes coding for 
polymers are known (Pringle, 1983; Fllloux, 1987: Deflaun, 1990), 
therefore it is possible that mutations can occur which results in a 
change in the function of the polymers coded for.
The formation and chemical content of extracellular polymers 
produced by bacteria can be Influenced by growth conditions (Yoshlkawa, 
1979) and by environmental factors such as temperature (Fyfe, 1987). 
These observations suggest that changing these parameters will lead to 
changes in the polymers and possibly alterations to their functions. In 
our experiments, the extent of the effects of Acinetobacter on the 
attachment of other bacteria was less profound as the temperature of the 
model system increased (Chapter 7). These results suggest that growth 
and environmental conditions will influence the inhibition of bacterial 
attachment by other bacterial species as well as influencing the 
attachment of different bacterial species.
The results obtained from investigating the effects of different 
fractions of Tocil Lake water on the attachment of bacteria suggest that 
fraction (a) (containing >30,000 MV components) could Influence 
bacterial attachment. When this water fraction was introduced, prior to 
growth, changes in the attachment of the bacterial species were observed 
(FIGURE 8.2). The variations observed in bacterial attachment depended 
on the bacterial species being Investigated. With Aeromonas and 
Staphylococcus fraction (a) decreased attachment. The method by which 
this water fraction influenced bacterial attachment, without influencing 
bacterial growth, remains unclear. If part of this fraction was used as
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a nutrient source then it could be linked to factors such as changes in 
the surface characteristics of the bacterial cellas discussed in Chapter 
5. Meyer (1987) used water fractions to investigate bacterial growth on 
DOC. Bacterial growth was greatest with the low molecular weight (MV) 
fraction (< 1,000 MV), least in the intermediate MV fraction <1,000- 
10,000 MV) and the high MV fraction (> 30,000 MV) supported more growth 
than the intermediate MV fraction. The latter was thought to be due to 
lower MV compounds complexed with a high MV refactory core. As bacterial 
growth was not influenced by these water fractions in the experiments 
reported here, possibly due to the bacteria using the nutrients present 
in the growth medium, it is possible that these fractions Influenced 
bacterial attachment by a mechanism not Involved with growth.
Vhen the water fractions were introduced Just prior to the 
attachment experiments (FIGURE 8.3), the results obtained did not 
compare to those obtained when the fractions were introduced, prior to 
growth (FIGURE 8.2). Only the attachment of Staphylococcus was 
influenced when the water fractions were Introduced prior to attachment. 
It is unlikely that the physiology of Staphylococcus would have been 
influenced to any extent in the time period between addition of the 
fraction and commencement of the attachment experiment. This suggests 
that these water fractions could influence bacterial attachment in more 
than one way or that more than one substance in these fractions could 
Influence bacterial attachment.
Theodore (1986) demonstrated that the presence of toxic compounds in 
lake water could cause a decrease in the density of bacteria introduced 
into this lake water. The decline in bacterial density was reduced with 
the presence of glucose in the medium. As glucose was present in the
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medium used here, the affects of the Inhibitors with regard to growth 
could have been reduced or been non-existent. These inhibitors could, 
however, still influence bacterial attachment if present. In these 
studies the bactericidal agents were thought to be low molecular weight 
compounds. This would not fit in with our experimental results where a 
high MW compound was involved in influencing bacterial attachment, 
although it is possible that low molecular weight compounds were 
complexed with the high molecular weight material. The method of 
producing the fractions by retaining the high molecular weight fraction 
on the filter, and then producing the other fractions from the 
supernatant, could have removed all low molecular weight material by 
complexing with the colloidal high molecular weight material. No check 
was made on the concentration of high and low molecular weight materials 
present in the relevant fractions. However, high MV compounds have been 
shown to influence bacterial growth in seawater (Saz, 1963; Massey,
1970). These high MV compounds could also be influenced by environmental 
conditions such as pH (Theodore, 1986) and also by seasonal variation 
(Moebus, 1972). The affects of such compounds on bacterial attachment 
would, therefore, be Influenced by these factors. These compounds would 
also be expected to affect different bacterial species in different 
ways.
These results suggest that a great deal of research is required into 
the mechanism by which Acinetobacter influences the attachment of other 
bacterial species. Research is also required into different MW water 
fractions to try and establish the compounds in these fractions which 
influence bacterial attachment.
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TABLE 8.1 Viable counts obtained when a bacterium was grown In glucose
Hedlua 6 and In glucose Medium 6 with lake water fraction
<a>,<b) or <c).
BACTERIUM
lone
Aaromanas 3.2 X 10®
Chromobacterlura 1.6 X 10® 
Staphylococcus 5.9 X 107
VATER FRACTIOM
<a> (b>
2.9 X 10s 3,5 X 10®
1.2 X 10® 2.0 X 10®
5.1 X 107 5.0 X 107
(c)
2.5 X 10®
1.3 X 10®
4.9 X 107
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CHAPTER MIME
COMCLOSIOMS
The bacteria isolated from Tocil Lake (Chapter 2) can be classified 
as copiotrophlc bacteria. These copiotrophic bacteria were used for the 
attachment experiment studies in this thesis as these bacteria have been 
reported to be the original colonisers of surfaces in aquatic 
environments. The fact that these bacteria could also be maintained 
easily in the laboratory was an important consideration in their 
selection.
The experiments performed and the results obtained in Chapter 3 
emphasise the importance of controlling experimental procedures such as 
subculturing during attachment experiments. The bacterial concentration 
used in the attachment experiments was also important, as different 
species were shown to have different optimum concentrations for 
attachment, above which no increase in bacterial attachment with 
Increasing numbers of bacteria occurred. If this optimum bacterial 
concentration was used in attachment experiments, Increases in bacterial 
attachment due to the additional experimental parameters being studied 
would not be apparent. Therefore Chapter 3 outlined the experimental 
parameters which had to be controlled to ensure that the results 
obtained reflected the attachment experiments performed.
During the attachment experiments, the attached bacteria were 
sometimes hard to count microscopically on glass coverslips. Therefore 
attached bacteria were estimated in Chapters 4-8 using the detachment 
procedure outlined in Chapter 3. The attachment experiments performed in 
Chapters 4 and 5 emphasised how nutrient conditions such as carbon 
source and environmental conditions such as pH and temperature could
¿ 0 2 A
influence the attachment of pure cultures of bacteria to glass 
coverslips. These attachment experiments were also used in Chapter 6 
with mixed bacterial suspensions. Therefore the results from Chapters 4 
and 5 were used as controls for the mixed suspension attachment 
experiments in Chapter 6.
The results from Chapter 6 demonstrate that one bacterial species 
can influence the attachment of another bacterial species when they are 
attached to a solid surface in a mixed suspension. These results were 
dependent upon the bacterial species being investigated and the growth 
conditions used, as would be expected from the results obtained in 
Chapters 4 and 5.
In the laboratory, mixed bacterial suspensions containing two 
bacterial species were investigated. To investigate how an initial 
biofilm would develop in a natural aquatic environment, a model system 
was developed to study the attachment of mixed bacterial suspensions 
containing up to six bacterial species. The attachment results obtained 
in Chapter 7 show that different bacterial species can influence the 
attachment of other bacterial species when they are present in the model 
system. The results obtained in the model system were influenced by 
growth conditions as was demonstrated by the model system temperature 
experiments. The biofilms obtained in the model system when 3-6 
bacterial species were present in the mixed suspensions show that a 
dominant bacterium was present in each biofilm. These results suggest 
that the dominant bacterium in each case is best suited for attachment 
to solid surfaces under the growth conditions provided.
The results in Chapter 7 show that Aclnetobacter could Influence the 
attachment of other bacterial species to a solid surface without
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attaching to the solid surface itself. The mechanism used by 
Aclnetobacter to Influence bacterial attachment was Investigated in the 
laboratory (Chapter 8). These studies suggest that the mechanism used by 
Aclnetobacter to influence bacterial attachment was cell orientated, 
either bound to the cell surface or originating from inside the 
Aclnetobacter cells. The inhibition of bacterial attachment by 
Aclnetobacter was also Influenced by temperature. However, the mechanism 
used by Aclnetobacter to influence bacterial attachment must be studied 
in greater detail to understand more fully what is happening.
The nutrients entering the model system in Chapter 7 were thought to 
enter the system by diffusion. In Chapter 8 the water from Tocil Lake 
was investigated by extracting different molecular-weight water 
fractions to see how these different fractions influenced bacterial 
attachment. The results obtained from Chapter 4 on the effects of 
nutrient conditions on bacterial attachment suggested that these 
different fractions should influence bacterial attachment in different 
ways. The results obtained however, show that only the >30,000 MW 
fraction influenced bacterial attachment significantly. This >30,000 MV 
fraction was seen to increase or decrease the attachment of 
Staphylococcus, suggesting different mechanisms of action. However, this 
large MV water fraction could contain other smaller MV fractions mixed 
within its complex and will have to be investigated in greater detail to 
assess how it influences bacterial attachment to solid surfaces.
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TABLE 1.1 Identification Results
ORGANISM GRAK CELL MOTILITY
STAIR MORPHOLOGY LIQUID / SOLID
MEDIUM t SURFACE
Organism 1 - cocco-baci Hus - -
Organism 2 - cocco-bacillus - -
Organism 3 - bacillus + -
Organism 4 - bacillus + -
Organism 5 - bacillus + -
Organism 6 - bacillus + -
Organism 7 - bac^.lus + -
Organism 8 - bacillus + -
Organism 9 - bacillus + -
Organism 10 + bacillus + -
Organism 11 - bacillus - -
Organism 12 - filamentous 
bacillus
+ +
Organism 13 + bacillus + —
Organism 14 + cocci + -
Organism 15 - bacillus - -
Organism 16 - bacillus + -
KEY
P- PURPLE, Y- YELLOW, 0- ORANGE
PIGMENT 
□I MA
P
P
Y
Y / O
Y / O
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TABLE 1.2
ORGANISM INDOLE
TEST
METHYL
RED
V.P. CITRATB
UTILISATION
Organism 1 - ND ND -
Organism 2 - ND ND -
Organism 3 - ND - +
Organism 4 - ND - +
Organism 5 ND - +
Organism 6 ND ND ND ND
Organism 7 ND ND ND ND
Organism 8 + - + +
Organism 9 + - + +
Organism 10 - ND ND ND
Organism 11 - - - -
Organism 12 - - - -
Organism 13 - - - +
Organism 14 ND ND ND ND
Organism 15 - - + +
Organism 16 
XEY
JTD- EOT DETERMINED
+ +
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TABLE 1.3
ORGAHISH CATALASE
TEST
UREASE
TEST
H*S + G.L. OXTDA
TEST
Organism 1 + + - - -
Organism 2 + + - -
Organism 3 4- + - + +
Organism 4 + + - + +
Organism 5 + + - + +
Organism 6 ND HD ND ND ND
Organism 7 ND HD ND ND ND
Organism 8 + - + + +
Organism 9 + - + + +
Organism 10 + - ND ND -
Organism 11 + - - + +
Organism 12 - - + + —
Organism 13 + - - - —
Organism 14 + HD ND + ND
Organism 15 - + - -
Organism 16 - + - - -
KEY
HD- HOT DETERMIHED
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TABLE 1.4
ORGANISM HUGH A 
01
LEIFSOH’S TEST 
F
KING'S A 
MEDIUM
KING'S B 
MEDIUM
Organism 1 + - ND ND
Organism 2 + - ND ND
Organism 3 + - + +
Organism 4 + - + +
Organism 5 + - - +
Organism 6 + - ND ND
Organism 7 + - ND ND
Organism 8 + - ND ND
Organism 9 + - ND ND
Organism 10 ND ND ND ND
Organism 11 + - ND ND
Organism 12 + - ND ND
Organism 13 + - ND ND
Organism 14 - + ND ND
Organism 15 + - ND ND
Organism 16 + + ND ND
KEY
HD- HOT DETERMINED
APPEIDII
TABLE 1.5 
ORGAWISH POLYMER HYDROLYSIS
STARCH CELLULOSE CASEII DIA
Organism 1 “ - -
Organism 2 - - - +
Organism 3 - - -
Organism 4 + - - -
Organism 5 + - + -
Organism 6 + - - -
Organism 7 - -
Organism 8 + - - +
Organism 9 + - - +
Organism 10 + - HD +
Organism 11 - - - -
Organism 12 + - - +
Organism 13 + - - +
Organism 14 FD ND HD ND
Organism 15 - - - -
Organism 16 + - + -
KEY
ID- IOT DETERMIHED
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TABLE 1.6
ORGAHISH DIHYDROLASE & DECARBOXYLASE ACTIVITY
ARGI5IHE LYSIHE ORHITHIHE
DIHYDROLASRE DECARBOXYLASE DECARBOXYLASE
Organism 1 “
Organism 2 -
Organism 3 -
Organism 4 +
Organism 5 +
Organism 6 +
Organism 7 +
Organism 8 +
Organism 9 +
Organism 10 +
Organism 11
Organism 12 +
Organism 13 +
Organism 14 ND
Organism 15 -
Organism 16 +
+
+
+
+
+
ND ND
KEY
HD- HOT DETERMINED
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TABLE 1.7
ORC,ARISE
GLUCOSE
FERXENTATIOB TESTS 
KAI.TOSE MANNITOL ARABIEOSE
Organism 1 ND ND ND ND
Organism 2 ND ND ND ND
Organism 3 ND ND ND ND
Organism 4 ND ND ND ND
Organism 5 ND ND ND ND
Organism 6 + - - -
Organism 7 + - - -
Organism 8 + (G) + + -
Organism 9 + <G> + + -
Organism 10 ND ND ND ND
Organism 11 + + + -
Organism 12 ND ND ND ND
Organism 13 ND ND ND ND
Organism 14 ND ND ND ND
Organism 15 + (G) - + -
Organism 16 + <G> - + +
KEY
+ - ACID
+ <G> - ACID and GAS 
ED - EOT DETERMINED
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TABLE 1.8
ORGANISM
XYLOSE
FERMENTATION TESTS 
LACTOSE INOSITOL SUCROSE
Organism 1 ND ND ND ND
Organism 2 ND ND ND ND
Organism 3 ND ND ND ND
Organism 4 ND ND ND ND
Organism 5 ND ND ND ND
Organism 6 - - - +
Organism 7 - - k +
Organism 8 - - - +
Organism 9 - - - +
Organism 10 ND ND ND ND
Organism 11 - - - -
Organism 12 ND ND ND ND
Organism 13 ND ND ND ND
Organism 14 ND ND ND ND
Organism 15 + ♦ + +
Organism 16 + + - +
XEY
ND - NOT DETERMINED
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TABLE 1.9 
ORGANISM
KALOMATE
FERMENTATION TESTS 
ADONITOL DULCITOL
Organism 1 ND ND ND
Organism 2 ND ND ND
Organism 3 ND ND ND
Organism 4 ND ND ND
Organism 5 ND ND ND
Organism 6 - - -
Organism 7 - - -
Organism 8 - - -
Organism 9 - - -
Organism 10 ND ND ND
Organism 11 - - -
Organism 12 ND ND ND
Organism 13 ND ND ND
Organism 14 ND ND ND
Organism 15 - + -
Organism 16 + - -
KEY
ND - NOT DETERMINED
2 A 1
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TABLE 1.10
ORGAEISE SPORE STATE XILK i
Organism 1 ED ED
Organism 2 ED ED
Organism 3 ED ED
Organism 4 ED ED
Organism 5 ED ED
Organism 6 ED ED
Organism 7 ED ED
Organism 8 ED ED
Organism 9 ED ED
Organism 10 ED ED
Organism 11 ED ED
Organism 12 ED ED
Organism 13 + ED
Organism 14 ED +
Organism 15 ED ED
Organism 16 ED ED
KEY
ED - EOT DETERMIKED
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TABLE 2.1 Percentage detachment of r.hrnwihacterlun In Tween-20 at
15°C for 30 nine, and percentage of cell viability on
detachment.
IECUBATOR
(rpm) 200
COECEETKATIOV OF 
100
TVEEX 20 (ppm) 
50 25
50 57 (48) 52 (55) 34 (86) 31 (100)
100 62 (43) 60 (48) 39 (84) 35 (98)
150 71 (48) 62 (52) 45 (81) 36 (100)
200 70 (42) 61 (46) 46 (80) 39 (100)
TABLB 2.2 Percentage detachment of f.hrnwihacterlua In Tween-20 at 
15°C for 60 mins, and percentage of cell viability on 
detachment.
IECUBATOR
(rpm) 200
COHCB1TRATIOE OF 
100
TVEEE 20 (ppm) 
50 25
50 87 (48) 72 (53) 64 (86) 41 (100)
100 90 (43) 84 (52) 70 (84) 49 (100)
150 93 (42) 85 (50) 80 (84) 61 (98)
200 93 (39) 88 (50) 75 (79) 59 (96)
Table 2.3 Percentage detachment of r.hmwnhacterlum In Tween 20 at 
15°C for 90 mins, and percentage of cell viability on 
detachment.
IECOBATOR COECBETRATIOE OF TVBBE 20 (ppm)
(rpm) 200 100 50 25
50 96 (39) 87 (47) 71 (80) 39 (100)
100 95 (36) 91 (43) 76 (78) 58 (98)
150 94 (30) 92 (44) 79 (76) 60 (96)
200 96 (30) 92 (40) 80 (68) 67 (92)
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TABLE 2.4 Percentage detachment the corynefora In Tween-20 at
15°C for 30 mine, and percentage of cell viability on
detachment.
IBCUBATOR COBCE1TSATIOB QF TVBB1T 20 (ppm)
(rpm) 200 100 50 25
50 76 (58) 75 (67) 53 (78) 45 (100)
100 70 (51) 69 (62) 50 (81) 48 (99)
150 79 (60) 68 (70) 59 (73) 50 (100)
200 68 (55) 60 (65) 52 (77) 46 (100)
TABLE 2.5 Percentage detachment of the coryneform In Tween-20 at 
15°C for 60 mins, and percentage of cell viability on 
detachment.
IBtCUBATOR
(rpm> 200
CCWCBrrBATIOI OF TWEEJ 20 <ppm> 
100 50 25
50 80 (40) 78 (39) 52 (75) 51 (100)
100 87 (37) 79 (42) 50 (72) 46 (100)
150 86 (32) 73 (48) 57 (68) 52 (100)
200 90 (29) 82 (41) 60 (71) 56 (98)
Table 2.6 Percentage detachment of the corynefora In TwBen-20 at 
15°C for 90 mins, and percentage of cell viability on 
detachment.
IBCUBATOR COECEBTEATIO* OF TVBBW 20 (ppm)
(rpm) 200 100 50 25
50 94 (40) 95 (52) 79 (76) 62 (100)
100 98 (39) 97 (49) 88 (71) 68 (99)
150 97 (35) 92 (57) 80 (69) 70 (100)
200 96 (33) 90 (46) 85 (74) 71 (98)
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TABLE 2.7 Percentage detachment of r.hrnwihacterlui» In EGTA at
15°C for 30 mlns, and percentage of cell viability on
detachment.
IICUBATOK
(rpm) 20
COHCEHTHATIOH OF 
10
EGTA (mg)
5 1
50 91 (31) 90 (46) 56 (59) 48 (88)
100 95 (29) 92 (37) 60 (62) 53 (81)
150 95 (36) 96 (42) 65 (64) 60 (90)
200 96 (31) 93 (40) 68 (67) 59 (85)
TABLE 2.8 Percentage detachment of r.hmmnHacteriurn In EGTA at
15°C for 60 mins, and percentage of cell viability on 
detachment.
IHCUBATOR 
(rpm) 20
COHCEHTHATIOH OF 
10
BGTA (mg)
5 1
50 95 (34) 92 (41) 84 (61) 68 (79)
100 97 (30) 94 (48) 80 (57) 64 (73)
150 98 (28) 95 (39) 75 (53) 58 (77)
200 98 (25) 91 (33) 72 (59) 68 (71)
Table 2.9 Percentage detachment of r.hrn«nhactarlurn In EGTA at
15°C for 90 mins, and percentage of cell viability on 
detachment.
IHCUBATOR 
(rpm) 20
COHCEHTHATIOH OF 
10
EGTA (mg)
5 1
50 98 (29) 95 (36) 89 (47) 63 (61)
100 99 (21) 93 (34) 83 (45) 69 (67)
150 98 (20) 97 (36) 81 (49) 74 (56)
200 96 (25) 95 (31) 88 (42) 71 (55)
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TABLE 2.10 Percentage detachment the corynefarm in EGTA at
15°C for 30 mins, and percentage of cell viability on
detachment.
IICUBATOE
(rpm) 20
COBCEVTHATIOV OF 
10
EGTA (i^ > 
5 1
50 90 (31) 72 (45) 68 (51) 57 (80)
100 92 (37) 74 (47) 64 (58) 53 (74)
150 96 (35) 77 (41) 70 (55) 62 (78)
200 93 (29) 80 (39) 63 (53) 59 (72)
TABLE 2. 11 Percentage detachment of the coryneform In EGTA at
15°C for 60 mins, and percentage of cell viability on 
detachment.
IVCUBATOR
(rpm) 20
COICBVTKATIOI OF 
10
EGTA (mg)
5 1
50 97 (38) 86 (40) 73 (50) 69 (62)
100 93 (29) 88 (39) 80 (45) 63 (71)
150 97 (31) 91 (31) 89 (48) 70 (63)
200 98 (25) 93 (35) 85 (44) 73 (68)
Table 2.12 Percentage detachment of the coryneform in EGTA at
15°C for 90 mins, and percentage of cell viability on 
detachment.
IVCUBATOK
(rpm) 20
COVCEVTBATIOV OF 
10
EGTA (^> 
5 1
50 98 (21) 96 (30) 87 (40) 79 (65)
100 98 (25) 98 (29) 82 (37) 82 (62)
150 97 (27) 95 (35) 89 (41) 80 (56)
200 99 (23) 91 (29) 88 (37) 76 (59)
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TABLE 2. 13 Percentage detachment of r.hrnwnbacterium In Tween-20 at
37°C for 30 mins, and percentage of cell viability on
detachment.
IICUBATOR COECEITHATIOI OF TVEEI 20 (ppm)
<rpm> 200 100 50 25
50 79 (63) 72 (80) 72 (100) 57 (100)
100 88 (62) 81 (85) 78 (100) 54 (98)
150 92 (59) 89 (81) 81 (100) 63 (100)
200 94 (57) 83 (72) 81 (96) 61 (98)
TABLE 2. 14 Percentage detachment of rhr-nmnhacterium in Tween-20 at 
37°C for 60 mins, and percentage of cell viability on 
detachment.
IECUBATOK COECEITKATIOE OF TVEEI 20 (ppm)
(rpm) 200 100 50 25
50 95 (59) 92 (75) 80 (100) 61 (100)
100 97 (62) 90 (72) 81 (100) 69 (100)
150 100 (58) 95 (70) 89 (100) 73 (100)
200 98 (59) 91 (73) 84 (99) 75 (100)
Table 2.15 Percentage detachment of r.hi-nmnbacterlum in Tween 20 at 
37°C for 90 mins, and percentage of cell viability on 
detachment.
IICUBATOK COECBBTKATIOE OF TVEEI 20 (ppm)
(rpm) 200 100 50 25
50 96 (51) 89 (63) 73 (100) 63 (100)
100 98 (55) 81 (69) 76 (100) 68 (100)
150 98 (50) 92 (72) 88 (98) 75 (100)
200 91 (59) 69 (78) 86 (98) 69 (98)
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TABLE 2.16 Percentage detachment the corynefarm In Tween-20 at
37°C for 30 mins, and percentage of cell viability on
detachment.
IICUBATOR 
<rpm) 200
COBCE1TBATIOI OF 
100
TVBEI 20 (ppm) 
50 25
50 79 (67) 73 (86) 53 (100) 50 (100)
100 83 (65) 60 (83) 59 (100) 55 (100)
150 85 (62) 74 (79) 68 (100) 36 (100)
200 82 (55) 70 (81) 66 (100) 39 (100)
TABLE 2.17 Percentage detachment of the coryneform In Tween-20 at 
37°C for 60 mins, and percentage of cell viability on 
detachment.
UIC0BAT0R COICEITEATIOI OF TVBEI 20 (ppm)
(rpm) 200 100 50 25
50 62 (66) 75 (80) 59 (100) 57 (100)
100 89 (61) 80 (72) 64 (100) 52 (100)
150 91 (58) 83 (75) 72 (100) 65 (100)
200 93 (49) 85 (73) 65 (98) 66 (100)
Table 2.IS Percentage detachment of the coryneform In Tween-20 at 
37°C for 90 mins, and percentage of cell viability on 
detachment.
IICUBATOK
(rpm) 200
COICBITBATIOI OF 
100
TVHEI 20 (ppm) 
50 25
50 83 (56) 71 (76) 71 (100) 49 (100)
100 89 (51) 73 (70) 62 (100) 45 (100)
150 94 (48) 90 (65) 70 (98) 61 (100)
200 91 (43) 87 (62) 67 (98) 54 (100)
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Percentage detachment of Oirnanhacterlum In EGTA at
37°C for 30 mins, and percentage of cell viability on
detachment.
TABLE 2.19
IBCUBATOR 
(rpm) 20
COICE1TRATIOI OF 
10
EGTA (i^>
5 1
50 89 (51) 80 (62) 55 (76) 52 (98)
100 91 (47) 85 (57) 58 (81) 57 (98)
150 94 (43) 91 (58) 63 (77) 62 (92)
200 92 (40) 85 (54) 61 (72) 59 (90)
TABLB 2.20 Percentage detachment of (Thrnnnhacterlum in EGTA at
37°C for 60 mins, and percentage of cell viability on 
detachment.
IBCUBATOK
(rpm) 20
COECEITKATIOI OF 
10
EGTA (i%>
5 1
50 94 (42) 92 (52) 87 (64) 63 (92)
100 98 (42) 95 (60) 82 (78) 60 (90)
150 98 (37) 96 (48) 86 (63) 67 (86)
200 98 (33) 84 (42) 79 (60) 72 (90)
Table 2.21 Percentage detachment of nhrnmnhacterlum in EGTA at
37°C for 90 mins, and percentage of cell viability on 
detachment.
IICUBATOK
(rpm) 20
COECBVTSATIOI OF 
10
EGTA <»8>5 1
50 96 (41) 90 (51) 76 (68) 69 (92)
100 98 (35) 96 (49) 80 (64) 67 (87)
150 98 (39) 95 (41) 83 (55) 78 (82)
200 98 (37) 94 (46) 86 (59) 73 (80)
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TABLE 2.22 Percentage detachment the coryneform in EGTA at
37°C for 30 mins, and percentage of cell viability on
detachment.
riCOBATOR
(rpm) 20
COECEETEATIOX OF 
10
EGTA (mg)
5 1
50 92 (52) 81 (58) 76 (72) 67 (89)
100 92 (49) 76 (58) 71 (66) 62 (92)
150 98 (45) 80 (53) 70 (65) 59 (81)
200 94 (36) 78 (49) 73 (59) 54 (85)
TABLE 2.23 Percentage detachment of the coryneform in EGTA at
37°C for 60 mins, and percentage of cell viability on 
detachment.
IECUBATOR
(rpm) 20
COECEETRATIOX OF 
10
EGTA (mg)
5 1
50 96 (40) 82 (51) 76 (63) 74 (87)
100 98 (37) 89 (49) 84 (55) 76 (85)
150 98 (31) 95 (41) 91 (52) 83 (79)
200 98 (31) 94 (44) 89 (56) 82 (81)
Table 2.24 Percentage detachment of the coryneform in EGTA at
37°C for 00 mins, and percentage of cell viability on 
detachment.
IICUBATOR 
(r pm) 20
COBCEETRATIOR OF 
10
EGTA (i^>
5 1
50 98 (38) 94 (46) 83 (58) 79 (79)
100 98 (32) 97 (41) 82 (61) 76 (77)
150 99 (32) 98 (36) 87 (75) 80 (84)
200 97 (30) 95 (40) 80 (68) 83 (80)
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TABLE 3.1 Effect of Si11coset on bacterial cell viabilty, growth and 
attachment ability. The bacteria were grown and attached In 
batch culture In a glucose minimal medium.
BACTERIA ATTACHXEIT 
MO SILICOSET
RESULTS
SILICOSET
Aeromonas 0.3461 (0.0404) 0.3439 (0.0419)
Chromobacterium 0.2387 (0.0296) 0.2410 (0.0314)
Staphylococcus 0.4920 (0.0562) 0.5126 (0.0591)
coryneform 0.3698 (0.0456) 0.3591 (0.0433)
Acinetobacter 0.0000 0.0000
Pseudomonas 0.2983 (0.0347) 0.3025 (0.0368)
I.B.
The growth of the bacteria In the media with or without Slicoset was not 
Influenced by the presence of the Slllcoset. The viability of the 
bacterial cells grown In these media also did not vary during these 
experiments.

APPF.NDTX (a)
(b)
FIGURE 2
(a) The biofilm obtained after the attachment of a 
mixed suspension of Chromobacterium with the 
coryneform. The bacteria were grown in batch 
culture in mannose Medium 5 at 15®C and attached 
in the same medium at 37®C
(b) The biofilm obtained after the growth and mixed 
suspension attachment of the coryneform with 
Staphylococcus. Both bacteria were grown in 
batch in glucose Medium 8 at 15°C. The attachment 
also occurred in batch at 15®C.
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